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EXECUTIVE SUMMARY

Current aircraft engines emit aercsol paricles and gasenas
serosal precursors oo the upper troposphess and Iower
stratesphere that may affect wir chemistry and climase,
Adreraft engines also dimectly emit soot and metal partcles,
Liguid acroscl precursors include water vapor, oxidized
sulfur in variows Torms, chemi-ions (charged molecilas),
pitrogen oxides, and unbipmed hydmocarbons.

Large numbers {about [00%kg fuel} of small (radivs 1 1w
L0 nm] volatilz particles are formed in the exhaost plomes
of cruising aircrafi, as shown by in site obscrvations and
model calculations. These new paricles mitially form
from sulfuric acid, chemi-ions, and water vapor; they
grow in sizz by coagulation and uptake of water vapor and
other condensable goses, The conversion fraction of fuel
sulfur to sulfuric acid in the young plume is inferred 1o be
likely in the range of (14 10 about 205,

Subsonic aiveralt emissions near the tropopause
northem mid-lantedes ane o significant source of soo
moss and sulfare aerosol surfuce area densicy and number
concentration, scconling to existing measwrements and
mrode] results. Aireralt gensrate far less acrosnl than that
emitted and produced at the Eurth's surface or by stronge
woleanic eruptions, Aincraft emissions injected directly al
- 1o 12-Emn alritwdes sine more important than similar sirfaee
cmissions because of longer atmospheric residence times
in the apper troposphere. The impact of present aircrft
emisaions on the fommotion of polar swratesphene clouds is
miuch smaller than what is expected for a projected Peet of
supereomic airerall.

Regional enhancements in concentrations of aircrafi-
produced aerosol have been observed near air arafTic
corridors. Global changes in sulfate acresol properties at
subsonic air traffic altitudes were small over the past few
- deeades. The contmbution of nircraft cmissions 1o changes
or passible rencs in these regions is difficult 1o determing
because of the large variability of matweal sources,

Cantrails are visihle line clouds that form Behind wirerft
tlying in sufficiently cold air as a result of water vapor
emissions, Contrail formation can be accurately predicted
for given aimaspheris temperature and homidity conditions.
Iin ik exhirust, wivter dropless form on soor apd sulfuric
acid paricles, then freeze to form contrail particles,
Models suggest that contrails would alse form without
sont and sulfur emissions by activation and freszing of
background particles, Increasing fuel sulfiur content results

in more and smaller ice particles, In the future, aircraft with
more fuel-cfficient engines will produce lower exlaus
temperatures for e same concentraiion of emitbed watsr
vapar, heoce will tend w couse contrails ar higher ambien
temperatures and aver a lirger nltitude mnge.

Persistent contrails ofien develop into more extensive contril
cimis in icc-supersaturated air masses. Ioe paricles in
such porsistent conteails grow by uptake of waber vapor
from the surrounding air. The area of the Earth covercd by
persistent contrails 5 controlled by the zlobal exient of
ice-supersaturated e masses amd the number of aircrafi
flights in those air masses, Present contrail cover will
merease further as air tralfic increases. The properies of
persistent contiails depend oo the aemsol formed in
exhaust plumes. Begions of ice-supersaturation vary with
time and location and are estimated o cover an averge
of 10w 20% of the Earths surface ot mid-latindes. Tze-
supersaturation in hese regions is often too small weallow
cirrus b form naeeally, so pircraft ace as a wigger w form
cirmus elonds.

The mean coverage of line-shaped contrails is cumently
greatest over the United Siates of America, Evrope, and
the Moch Atlantic; it amounts to 0.5% on average over
central Europe during the doytime. The mean global linear
contrail coverage represents the minimuwm change in cirms
clowd coverage from air ratfic; its present value is estimled
o be 0.1% [possibly 002 o 0.25).

Aviation-induced aerosol present in exhaust plumes and
necumelatzd in the hackground ammosphere may indirectly
affeet cirrus cloud cover or other cloud properties
throughout the atmosphere. Observations and models are
not yet sefficient o quantify the acrosol impact on cirms
clowd propertics,

Gaezllite and surfacy-based observations of seasonal and
decadal changes in cirmus cover and frequensy in main oir
rraffic regeons suppest o possible relationship belween nir
traffic and cirmus formation. Cirmus changes in muin air
traffic regions suggest global cimus cover increnses of up to
02% of the Farih’s surface since the beginming of jet avintion,
in additien 10 the 0.0% cover by line-shaped conirails.
Ohaerved cimis cover changes have not baen conclusively
atributed o aircraft emissions or o other causes,

Contrails cause o positive mean radiative foreing at the top
of the atmosphere. They reduce both the solar Tadintion



renching the surface and the amount of longwave radiation
leaving the Earth o space, Contrails reduce the daily
lempesature range ai the surface and couse a heating of the
ropospliers, especially over warm and bright surfaces.
Thee racdiative effects of contrails depend muinly on theic
coverape and optical depth.

For an estimated mean global lincar-contrail cover of
0.1% of the Barth's sueface and contrail optical depth of
0.3, rsdiative forcing is compaied 10 be 002 W me2, with
a makimwm valee of 0.7 W m-2 over pants of Eoropes and
the United States of America, Radiative forcing by linear
contraila is uncertain by a factor of abowt 3 1o 3 {runge
feom (ROOS to D06 W me?), reflecting uncertiintiss in
contrail eover (% 2) and contrail mean optical depth {x 3).

In the cusrent atmosphere, the direct rodiative forcing of
accumulated aircraft-induced acrosol is smnller than that
of contrails. The optical depth of aircrafi-induced aeroscl
t5 less than 0.0004 in the zonal mean and @5 much smaller
than that of stratospheric ocrosol from lerge volesnis
CIUpHED NS or mean wopesphenc asrosol dbundances.,

Indirect radiative forcing s caused by avistion-induced
cirrus that is produced in addition to lins-shaped contrail
cirmas, This forcing is likely positive and may be lorper
than thor from line-shaped contrails. Badiative loncing
from additional cirrus may be as Jurge s 004 W m? in
1992 Tndircet forcing from other cloud effects his oot vel
heen determined and may be either positive or negitive.,

[ the furee, contrail cloudiness and rudiative forcing are
expectzd 1o increase more strongly than global aviation

fusl consumplion because aie waffic is expected to
ineTesse munly in the wpper roposphere, where contrails
form preferentzally, and because aircraft will be equipped
with muone fuel-efNicient engines. More efficient engines
will cauge contrails 1 ocour more frequently and over
lwrper altinude range for the same amount of air trafic. Fos
the thresfold inerease in fuel consumption caloulued for o
20580 scenacio (Fall, a fivefold increase in contrail cover
and o siafiedd increase In radiative forcing are expectad,
The comerail cover would increase cven more strongly il
the number of crosing airceaft increases more than their
fuel econsemption. For other 2030 scenaries (Fol and Fell,
Ihe expected cirrus cover incrcases by factors of 3 ond %,
respectively, compared to 1992, Higher cruise altitudes
will irerense contrail cover in the subtropics; lower crspss
altitucles will iocrease contrail cover in polor regions,
Future climate changes may canse further chonges n
expected aircrafi-induced cirrus cover

The Nuure seroso] impact of aviation will incrense with
fuel consumption. The wends depend on futere fuel-sulfur
comlent, engine soot cmissions, and the efficiency with
which Nee] sulfur is transformeed into acrosol behind the
aireratt,

Aercsn] micropbysical and chemical processes pre similor
in subsonie and supersonic aircraft plumes. Aerosol
properties will differ becawse soot emission levels, nerosol
[ormation potential, and plume dilotion propertics vary
with enging type and atmospheric conditions at CTisE
altinugdes, Significant increases in strawospheric serosol are
eapected for the operation of a large flect of supersonic
aireradt, at least for nea-velcanic periods.




Asiation-Produced Aerozols and Clowdiness

1. Imtroduction

Recent advances in our understanding of heterogeneous
chamistry in the lower stratosphere and the role of acrosols and
clouds in climate forcing have increased the need to understand
the influence of these aircraft emissions on atmospheric
composition, Aerode] particles from aviation—comprising
soot, metals, sulfure acid, water vapor, and possibly nitric acid
and unburmed hydrocarbons—may influence the state of the
atmosphens i many ways, These particles may provide surfaces
for beterogensous chemical resctions, both im the exhanst
plume and on regional and global scales; represent a sink for
condensable wlmospheric gases; absorb or scatter radiation
dirccetdy; and change clowd properties that may affect radiation
indirectly, Persistent contrils can directly cause additional
cirus clowds wo form, In addition, aerosol particles may
enhance sedimentation and precipitation of atmospheric water
vapor, hence affecting the hydrological cvele and the budget of
other gases and particles, Changes in ¢loud formation properties
and cloud cover may also affect actinic Muxes in the atmosphene
and ultraviolet-B (UV-B) radiation o the surface.

This chapter addresses the followmg questions related o aviation-
induced aerosol particles:

*  What are the processes that produce aerosols and
contrails in the plume of & jet aircraft engine?

*  What is the relanonshap of the aircraft serosol source o
background aerosol abundances ond trends in the
atmospherns?

*  Why do persistent contrails form, and whot are their
properties?

* What is the relatonship of aircraft-induced ncrosol and
contrails ts cirmus ¢loodiness and trends?

v What are the radiative properties of avistion-induced
serosol, contrails, and cirres clouds, and how do they
affect the Earth-atmosphere sysiem?

#  What changes in the effects of nvistion-induced aernsol
might oceur in response 1 future changes in climato-
logical conditions or wircraft operating porameters?

Section 3.2 describes the theoretical and experimental basis of the
emission and formation of serosel in wirreft plumes. Section 33
describes findings and caleulations of regional and global serosol
diseributions and their trends., quantifies the chunge in acrosol mass
und surface density from présent avietion emissions at glohal
scales, and compares pircraft sources with volcanic and other
natural or anthropogenie sources. Section 3.4 reviews recent
results on coatruls and coms clouds, provides estimates foe
regional and global comtrail coverage, and describes measured
contrail particle properties. Section 3.5 presents recent evidence
that may relute changes m cirmus cloudiness and related climate
parameters to airerafl emissions, Section 3.6 describes changes
in radiative flizes from contrails as a function of various cloud
parameters uiing three one-dimensional radiation transpor
models, snd presents a computation of global rdiative forcing
from contrails. Finally, Section 3.7 identifies climatological
and aircraft operational parameters that may influence the

il

Futiere importance of avistion-induced aerosol and cloudiness
and estimates fuwre contrail cover for a fized climate,

The material in this chapter relies on Chapters 7 and 9
describe emissions present af the engine exit plane and total
envssiops from globul air traffic; Chapters 2 and 4 o discuss
the chemical implications of changes in aerosol properies; and
Clagters 5 and & to describe changes in UV-B radiation and
clirmate [rom semosols.

Aerosol Emission and Formation
in Adrcrafi Flumes

. Fr

Adrcraft jer engines dimectly emit serosol particles and condensable
gases such as water vapor (HyO}, sulfuric acid (H,50,), and
erganic compounds, which lesd to the formation of new, liguid
ivolatile) particles i the carly plume by gas-to-particle
conversion {nucleation) processes, Other pas-phase species
and charged molecular clusters (chemi-ions, or Cls) are also
generated at emission, ingluding nitric acid (HMNO,) and nitrous
acid (HNCY,), Emission and formation of H,50, depend on
fuel sulfur confent, or sulfur emission index [ELS)], and the
conversion fruction of fuel sulfur o H,50,. Formation of
HMNO; and HNO, depends on reactions of nitrogen oxides
IMNO, = NO + MO with bvdroxyl radicals (OH), Particle
formation depends on mixing of cxhavst gases with ambient
air, plume cooling rafe, plume chemistry, and ambient aerosol
properties, Soot particles formed during fuel combustion and
emitted mefallic particles constitute the solid (nonvolatile)
particle fraction present in exhaust plumes. Under certuin
thermodynamic conditions, emitted water vapor condenses
and freezes to form water-ice particles, thereby producing a
condiensation truil (contrail), These line clouds evaporate rapidly
if the smbient humidicy is low but may change the size and
chemicul composition of the remaining liquid aerosc] particles,
If the humdity is above ice samration, contrails persist and
grow through further deposition of ambient warer.

An invisible serosol truil is always keft behind craising aircraft
Agrosol and contrail formation processes in an aging plume
determine the number, surface area, and mass of particles that
are formed per mass of fuel consumed. Exhaust particle
properties change in the presence of o contrail. Exhaust particle
morphology and surface properties and zircraft-induced
perturhations of beckzroond aserosol surface areas (Section
3.3) are of central importance for ozone changes caused by
heterogeneous chemical reactions {Chapters 2 and £), Particle
number and freezing probability are key for the formation of
ice (cirrus) clouds after passage of an aircraft in a region where
otherwise no clouds would form (Section 3.4), Finally, aviation-
produced aerosol can directly or indirectly influence the radiation
budget of the atmosphere (Section 3.6 and Chapter 6). For
recent reviews see Schumann (19%96a), Fabian and Kircher
{19971, Friedl {1997), and Brasscur ef af. { 1998,

The following subsections provide & description of volatile
aersol precursors and the formation of volatile serosol particles,
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8 characterization of emitted soot and metal particles, a review
of contrail and ke formation, and a discussion of the mutaal
interactions between these particle types. Comments on reducing
the impact of serosols are ziven in Section 3,7 .4,

A21.  Velatile Aerosol Precursors

3200, Warter Vapor

Water vapor is present in aircraft exhaust in known amounts
because the emission index is specified by the sioichiometry of
near-complete fuel combustion (Chapler 7). Water vapor
concentrations of & few percent at the engine exhaust nozzle far
exceed the concentrations of other asrosol precursor gases.
Ambient waler vapor also participates in aerosol processes,
with concentrations that vary widely depending on Mlight altitude
and meteorological processes. Because of its abundance and
thermodynamic properties, water vapor participates in nearly
all aeroso]l formation and nocleation processes (eg.,
Pruppacher and Klett, 1997).

3212 Sulfur Species

Aviation fuel: (kerosens) contain sulfiss in trace amouni=. In
the current wordd market, the sulfur content—hence the
Eli5}—of aviation fuels is near 0.4 g S/kg fuel or 400 parts per
million by mass {(ppm; 1 ppm = 0.0001% ), with an upper limit
specification of 3 g 5%g (Chapter 7), Of importance for the
formation of plume aerosol is the partitioning of sulfur at the
engine exhaust nozzle into sulfur dioxide (S0,) and fully
oxidized sulfur S(VT} compounds, sulfur trioxide and sulfuric
acid (S0V1) = 50, + H,50,). Most fuel sulfur is expected to
be emitted as 50, based on combustion kinetics and some
observations (Miake-Lye ¢ al.. 1993, 1998; Amold er of.,
1994; Schumann et al.. 1998). However, a fraction of the S0,
can be eonverted into S{VI) by gas phase chemical reactions
with OH, oxvgen atoms (0}, and H,0 inside the engine.
The fractional conversion depends on details of combustion
conditions, turbine flow properties, blade cooling effects
(Chapter ), and mixing {Chapter 2), Further oxidation can
occur in the plume, where the rate-Hmiting step is thought io be
oxidation of 50, by OH to farm SO (Stockwell and Calvent,
1983) or liquid-phase reactions of 50, with H,0,. Oy, metals
{Jacob and Hofmann, 1983), or HNO, (Fairbrother er al.,
1997). Onee 50, is formed, the gas-phase reaction with emitted
H 0 to form H,50), is fast (< 0.1 &) under plume conditions
(Reiner and Amold, 1993; Kolb et af, 1994; Lovejoy er ai.,
1996). Gaseous H,50, and HSO,(H,50,), (mostly with n =
1.2} ion clusters have been observed in j&1 exhaust (Frenzel and
Arncld, 19949 Amold o oi., 19982 k),

The chemical lifetime of exhavst OH in the early jet regime is
determined by reactions with emitted NO, and by OH self-
reactions, the latter leading to the formation of hydrogen
peroxide (Hy0,) (Kircher ef al., 1996a; Hanisco e al., 1997).
Measurements indicate OH exit concentrations below 1 ppmy

Aviagtion-Produced Aevovels and Cloudiness

(Tremmel ef af., 1998}, For an OH concentration of 0.5 10 1
ppmv at the engine's nozzle exit plane and without 50,
emissions, the OH-induced pathway alone vields about 0,3 10 1%
S-t0-H,50), conversion in the plome (Miake-Lye ef af,, 1993;
Danilin er af., 1994; Kircher er af., 19%a). Model calculations
indicate overall 5(V'I) conversion fractions in the range of 2 10
10% for various supersonic and subsonic jet engines (Brown ef
al., 19%a; Lukschko er ai., 1998; Chapter 71, consistent with
some earlier 50; messurements behind gas wrbines (eg.,
CIAP, 1975; Hunter, 1982).

F2.1.3.  Chemi-ions

A large number of chemi-ions (Cls) are expected 1o be present
in aircraft exhanst because jon production via high-temperature
chemacal reactions is known to oocur in the combustion of carbon-
containing (not necessarily sulfur-containing) fuels (eg..
Burtscher, 1992}, In the jet regime, some recent models indicate
that Cls effectively promote formation and growth of electrically
charged droplets containing H,50, and H,0 (Yu and Turco,
19974, In addition, Cls may contribute o the activation of
exhaust soot, Positive ions include HyO+ and organic molecules
like CHO+, C;H;*. and larger molecules (Calcote, 1983),
whereas the free electrons rapidly attach o other mokcules to form
negative wns with sulfate and nitrate cores, Measurements of
positive Cls in exhaust plumes are not available, and only very
few in sitw mepsurements of negative Cls are available to date.

Arnodd er af, (1998a) measured a 1otal pegative C1 concentration
of 3 x 107 cm? (about 3 x 109%%g fuel) a1 plume ages of arcand
10 ms in the exhaost of a jet engine on the ground. consisten:
with approximately 10¢ con? ar a plume age of 1 ms (Yu er al,
1998),

That concentration represents a lower bound from diffusion
losses of these particles within sampling devices prior to detecticn
and the: limited detection range of the employed mass spectrometer.
The fact that these measurements yielded only a fraction of
Cls in the plume has been partially confirmed by in-flight
measurements (Amold er af., 1998b) showing smaller total C1
count rates For high-sulfur fuel compared with low-sulfur foel.
Therefore, current CI data are consistent with a Cl emission
index of about 2—4 x 1017kg, corresponding to & concentration
of about 2 x 109 cm-? at the engine exit. This value has been
estimated numerically based on couplad ion-ion recombination
kinetics and plume mixing (Yu and Turco, 1997 Kércher er af.,
1998h; Yu et al,1998). Although not directly comparable, Cls
have been observed in hydrocarbon flames ot concentrations of
gbout 108 to 10" cmr® (Keil e al, 1984), supporting the
estimated concentration of negative Cls,

3214 Nirogen Specles

The primary nitrogen emission from aircraft is in the form of
NO, (Chapter 2). In reactions of NO, with OH in the plome,
gaseous HNO, and HNO, are formed. Despite larger reaction
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ratzs, less HNC), is formed than HNO, becanse the rano af NO,
tiv MO af the engine exit is small (< 002) (2.8, Scholte &f al.,
1997} (see Chapier 7). HMO, can aleo form in the plume sven
in the absence af NOL emissions (Kircher & al, 199620 fn s
measurements in young plames revealed both HNCL and
HNDy concentraticns above background levels (Armold & al.,
1002, 1994; Tremme] 2 al., 1998}, HMO; can be mwore abusdant
in plumes than H.50,, especially for low ENS) values, These
acids (especially HNOy) are important because they can be
taken wp by water-scluble exhaust particles and form stable
condensed phases such a8 nitele acid tnhydrate (MAT =
HMNOyo3H,0) and ligquid ternary (HoOM, S0 HNO) solutions
under cold and humid plume conditions (Amobkd er af., 1992,
Elircher. 1996),

J2.0.5. Hydrocarbems

Avdrcraft engines emit non-methane hydrocarbons (MMHCs) as
a result of incomplete fuel combostion, These species include
alkenes (mostly ethene}, aldehydes (mosdy formaldehyde),
alkines {mestly ethine), and a few aromates. A few (8 w 10}
species were found to account for up to 305 of MMHC emissions
(Spicer er al., 1992, 1994}, High levels of carbony] compound

)

amussions (on the order of 0.2 ppmv) also hove been observed
in i eombiestor {Wahl er i, %975, Some in-flight data indicate
that MMHCs with up to 8 carbon atoms have Els in the range
LS 1t 0.2 g CVkp fueed and represent approximately 709% of
totnd MMHC emissions (Slemr e al., 1998), However, the current
database on WMHC emiszions and on paritioning between
inclividual compounds 15 small and perhaps nof representtive
for all engine types. Some emitted NMHCs might act as
aerosol-forming agents in nascent plumes ond may be adsorbed
or dissolved in plume particles, thereby possibly contributing
i the total amount of volotle serosol found in plumes
(Kircher er al., 1998b), In addition, the presence of trace
MM HCs amounts may facilitate oucleation {e.g., Katz e ai..
19771 and alter the hygroscopic behavior and growth rates of
partscies (Saxenn et af,, 1995; Cruz and Pandis, 1997}, Engines
alsn may emil valatile particles conimining engine wils or other
lubricants, bt this effect as wol been quantaled,

Adrcraft also occaskmally minxbuce hydrocarbons by jettisoning
fuel at low alurodes in the troposphere, Most of the fuel
evaporates while o falls w the grownd (Quackenbush er af,
194945, which leads o a small incresse of hydrocarbons in this
region, Because of the small amownts of fuel relepsed in this
way, o essential impacts on atmosphenc aermsols are expected
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Figure 3-1: Acrosol and conirail formation processes in an aircraft plome and wake a2 a function of plame age and temperture
Reactive sulfur gases, water vapor, chemi-ions (charged molecules), sood agrosol, and metal particles are emitted from the
norzle exit planes at high temperatures. Ho50, increnses as a result of gas-phase oxidaton proceses, Sool particles become

chemically activaied by adsorption and binary heterogenenus mecleation of 50k and H.50, in the presence of H,O, leading to
the formation of a partial liquid Hy50,/H.0 coating. Upon further cooling, volatle Hguid H-50,H,0 droplets are formed by
binary homogeneous nucleation, whereby chemi-ions act as preferred nucleation centers. These particles grow in size by
condensution and coagulation processes. Coagulation between volatle particles ond soot enhances the coating and forms a
mixed Hy30,HyO-s00t aerosol. which is evenfually scavenged by background aerosol particles at longer times. IF hguid HyO
saturation is reached in the plume, a contrail forms. Iee particles are created in the contrail mainly by freszing of exhoust particles.
Scavenging of exhaust particles and further deposition of H,O leads 10 an increase of the ice mass. The contrail persists in ice-
supersaturated air and may develop inlo a cirrus clowd. Short-lived and persiztent contrudls refum residual particles into the
atmosphers upon evapoeation. Scavenging time scales are highly variable and depend on exhaust and background perosol size
distributions and abundances, as well &5 on wake miting rabes (see Section 3.3,
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322, Volafile Particles
3221 Baric Processes

Volatile particles form in the exhaust plume of an aireraft os a
result of nucleation processes associated with the emizsion of
serosol precursors (Hofmann ond Rosen, 1978), Typical
perosol pammelers in o young plume ase inclsded m Table 3-1
for reference. The newly formed porticles grow by condensation
(uptake of paseous species) and coagulation (particles collide
and attach) in the expanding plume. Coagulation processes
imvolving charged particles ariginating from Cl emissions are
mere effective becawse charge forces enlance collision Tates.
These processes are schematically peesented in Figure 3-1.
Key processes at young plume ages are determined mainly

Aviation-Prodiced Aerosols and Clowdiness

from the resulis of simulation models becanse of the lack of
suitable plume measurements,

Previous models (Mizke-Lye et al., 1994; Kiircher ef al,, 1995
Zhoo and Turco, 1995; Brown et af, 1996b; Taleb e al., 1997,
Gleitsmann and Zellner, 19%98ab) show that particles form
when the condensing species, primarily H.50,H.0, reach
concentrations critical for binary homogepeous nucleation in
the expanding and cooling exhaust gas, Because concentrations
fall below suchestivn thresholds as the plume further diluies,
the amount of Hy50, in the sardy stages of the plume (< 1 )
controls the formation of new volatile particles. More recent
models emphasize the role of C1 emissions in volatile particle
formation and growih (Yu and Turco, 1997, 1998a,b; Kércher,
1998z; Kircher er al,, 1908},

Yable 3-1: Summary of number mean radius, number density, and surface area density for sulfare and soof particles in aircraft
plames and in the background atmosphere, and for ice particles in contrails and cirrus, Flight levels of subsonic ( supersomic)
aircrayft are in the 10-12 km | 16-20 km) range, Alse included are extimates of zonal mean perturbarions o sulfate and soot

properiies caused by e T992 aircraft fleer,

Radius Number Density Surface Area Density

{ Jum) (emr¥) pm? cm-3)
Sulfare
Plume (1 )2 [(HOOZ (1=23 % 107 SO0 (W)
Background (1012 km)® LN EEN | =1 000 I { 1040
Background (20 km, non-volcanic)® 0.07 5-10 035-1
Background (20 km, volcanic)? 1L.2-05 1= (Y=Y
S
Plume (1 58 QIR -003 5% HH=55 104 S0=A0000
Background (10-20 km)f (10501 [y, (10,1 Ix 109~ 3 x 102
few
Young Contrail §0.1-0.5 5@ .3-1 ICH-118 108105
Persistent Coatrail (10 min 1o 1 h)® 1-15 10-500 108-1(H
Young Cirrus! 5|t 1 102-1i(H
1992 Aireraft Pernerbationd
Sulfate Aerosol {1012 km, $0-60°N) 001 LU ] 0.1-1.1

A-a0 002-02

Soot (10-12 km, 50-60°N) 2z

* Detecizhie oaly by ultrafine particle counters (particles sealber than 2-3 nm rudius are noe detecset), Calenlstions by Yu and Tureo (1997 for sverpe FSC

romsisien] Wik clecrved data.

b Propenies bighly vasiable; size dissrivations cfien bimedsl, Renges inchode small (> 10 nm) pacticles, Larpe particle mode [~ 100 pen) often samilar s
irataspherlc aerosol particles (Hofmene, 1903, Yue s al,, 1094; Schrider sad Strom, 1997, Solomon of ol 1997; Hofmann er al., 1998). High rangs of
valmes iferced from satollie extinction dote and represents miitines of acracks md subyisible clouils

5V et al, 1954 Bent o wl., 1995; Borrmeen & )., 1997: Thomasos o al,, 19975,

* Hagen er al., |992; Rickey, 1995; Petzold er al,, 1499

! Only lerpest soot punicles wilh bomgest armosphenic lifetimes are measured by wire inpecine (Sheridan of o, 1904; Dlake and Kaso, 19009 Pusschel o ai

1967}, Uncensimtics in sosal surface area introduced by frctal jgevmmtry of paricles.

¥ Karches ef al., 1996h, 19098s; Patzold er ., 1997,

laeper pasticles are ohacrved for lange ice-supersaturstion (Enollenbong. 1972 Gayes oraf_, 156%8),

.

Values representative of contril core for low ice-sspersaruration [Heymafield ef al_ 1998a; Schetider er o)., 1998h) {see absn Sections 34.4 and 3637, Far

SHm ef af , 1997; Schréder ef oi, 19986, Larger valuss see obsorvnd in wamm cirus clouds {Heymaligld, 1993; see also Sections 3.4.4 and 3.6.3),
Resialis of fuel tracer simulations dscussed in Section 3.3.4. Vilies shown Tepresent apper Bounds o zonsl mean perturbations caused by esdssions af e

1992 sarcreft fizer. Rosulls ane representative af fllght levels at northern mid-latituces and are calculated using e range of vales af compuisd s
suncenireinns frons all models and assumisg a fuel sulfur eomtent of 0.4 gikg fuel, 8 % comversion of sulfur 1o sulfaie sersal. on Bsoot) of 0.04 ge

fucl, sad 4 mesn particle size of I0V205 mm for sulfase (et} particles.
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Figure 2-1 shows the size distributions of exhaust particles
at a plume age of 1 s, 25 inferred from models and a few
measarements. In the radius range below 10 nm, volatile
particles containing H.50, and H,0 dominate the owerall
distribution. Model analyses of near-field pasticle menserements
strongly suggest that the volatile particle size distribution
exhibits a bimodal strscrure (Yu and Turco, 1997, with smaller
particles formed by the aggregation of homogeneously
nucleated clusters of hydrated H.50, molecules (peutral
mode} and larger particles formed by rapid scavenging of
charged molecular clusters by Cls (lon-mode), Only particles
from the ion mode are expected to grow beyond the smallest
defectable sizes (radius -2 to 3 nm) of particle counters, Soot
ond ice contrail particles are significantly larger than the
volntiles, An approximate strafospheric size distribution s
shown for comparison. In contrast to soot and ice particles (see
helow), volatile particle spectra are mainly derived from
numenicinl simobntion models because of the lack of sie-
resolved, in site particle measurements in the panomeler size
range, However, the use (in field measurements) of miultiple
particle counters with different lower size-detection limits
allows derivation of the mean sizes of observable particles os a
function of fuel sulfur content and plume age (Kircher et al.,
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Figure 3.2: Size distribution of various aerosol types present
in young jet aircraft exhaust plumes (adapted from Karcher,
1998a), Shown are approximate size distributions (solid line)
versus tadivs for volutilke particles (neotral and chemi-ion
miodes) and soot (primary and secondary modes), when no
contrail 15 produced by the aircroft. If a contrail is formed,
these size distributions change (not shown), and ice particles
are created (dashed line). Size distributions of soot and ice
particles have been measured ln site. Mean sizes and pumbers
of on mode particles have been deduced from particle
cuurnter mepsurements, ond cormesponding size distributions
of volatile particles have been inferred from simulation
midels, Bars indicute the approximate range of variability
resulting from varistions of fuel sulfur content, engine
ermission parimeters, and ambient conditions, a5 suggested
by evaluation of current observations and modeling studies
A ipproximate background aemsol size disiribotion s
included for comparison (dot-dashed line) (see Table 3-1),
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199D, Yu et al., 1998), thereby providing strong criteria 1o jest
the validity of model resulis,

Once formed, the nwew volutile particles intersct with non-
volutle and contrail jce paricles through the processes of
coagulation, freezing, comdensation, and evaporation (Figure
3-13. Caleulations show that the new liguid particles grow and
shrink as a function of relative humidity, whereas H.50,
mobecules thar enter the droplets stay in the liquid phase
because of their very low saturation vapor pressure (Mirabel
and Katz, 1974). They also suggest that volatile particles may
take up HNO, and H.O in the neor field (Klircher, 1996) o
form partucles with compositions similar to these found in cold
regions of the stratosphere. These particles may persist in cold
{«< 200 K}, HNOy-rich stratosphenc air but will be short-lived
{< | min) otherwise. As the plume continues 1o dilute with
ambient air, abundant newly formed volatile particles remnin at
nanometer sizes and therefore add substantially to the overall
serosol surface arca and abundance (Damlin of af,, 1997), Their
efficiency for hetcrogeneous chemistry and cloud formation,
however, is size- and composition-dependent (Kiircher, 1997).
They may be too small tw act &5 efficient ¢loud- or ike-forming
nuchel in the background atmosphere unless the air mass
containing the acrosol is lifted or cooled or the relative humidicy
increases. Although stedies exisl on beterogenzous plume
processing along selected trajectories (Danilin er al.. 1994),
sysiematic investigations of heterogeseous chemistry coupled
I plume serosol dynamics remain o be performed (Chapter 2).

The evolution of volatile particles is significantly altered if &
contrail forms. In contrails, volatile particles have to grow to
sizes greater than about 100 am via uptake of ambient Ha
before most of them freeze (Section 3,2.4.2), As ice particles
grow in size by depesition of H,0, they may also scavenge
other volatile and soot particles {(Anderson o al., 199Hab;
Schrider er al., 1998a). Thus, contrails are expected to contain
fewer small particles than non-contrual plumes because of
enhanced scavenging losses. After evaporetion of contruil ice
crystals, the residual volatile and soot cores remain as particles
in the mmoesphere (Figure 3-1), This contrail processing is
expected o modify the particle size distnbutaon and composition
und may lead o efficiont clowd condensation nusckes production
i Yo mnd Twrco, 998,

1222, Observarlons and Meodeling of Volaile Particles
eied Selifier Conversion

Volatile particle abundances observed i sine in the plumes
(mostly young, < 100 s} of subsonic and supersonic aircruft are
summarized in Figure 3-3a, The dats have been compiled from
various field studies (Fahey et al., 1995 b Schumann er al.,
1997 Anderson ef al., 1998ak; Schrider of af,, 1998a). The
results show Els for wlerafine volatile asrosol particles | nominal
raafii > 2 t0 3 nm) in the range of 1009 w 1009%kg fuel for low o
overnge fuel sulfur content values and exceeding 1007%e fuel
for high-sulfur fuel. Besides the obvious dependence on fuel
sulfur content, the spread in EI values may be explained by
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differences in the emission chorocteristics of the engines,
variations in the lower size detection limits of the particle
counters, and differences in plume ages al the time of the
observations, The increase in ultrafine particle abundance with
increasing fuel sulfur content for the Advanced Technology
Testing Aircraft Svstem (ATTAS), T-38, and BY5ST mwrcrall
strongly suggests an imporiant role fior fuel sulfur in the growth
of wolatiles from molecular clusiers o deteciable partiches,

Only 4 few observations heve been analyzed using detailed
microphysical simulation models (Brown ef af,, T9%60; Danilm
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Figure 3-3: (a) Emisason indices of detecrable volatile pamicles
in number per kg fuel measured i in plumes of various
subsonic sircraft and the supersonic Concorde. The atrerafl
were examined as part of several missions in Europe and the
United States of America; aircraft types are indicated in the
legends. Ulteafine volatile particles with radii greater than 2
i 3 nm were measured af plume ages less than 20 & (ATTAS,
B737, DC-8, BT57, T-38, F-16), with radii greater than 4 to
5 nm at ages of 0.25 w 1 b (Concorde), and with rdi greater
than & nm at ages of 1 to 2 min (B747, DO-10, A3400.
Orbservations involving the same aircrafl are connected by
lines. Foel sulbfur content values were determined by chemical
analvsis of fuel or infesred from fa sl 50, measurements
(for B747 and DC-10). During the observations, a contrail
either did (filled symbols) or did sot (open symbaols) form.
(k) Same as (a), but for the emission indices of sool particles,
Values from Howard ez al. (1996) for a modern jet enghime
fabout 1003 %g) are below the range of valoes shown,
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et al., 1997, Kiircher and Fahey, 199T; ¥Ya and Tureo, 1997,
1998n; Andromache and Chamejdes, 1008 Kircher of af.
1908a h). Simulations show better agreement betwesn caleulated
ond observed particle concentrations when won effects are taken
into account, More imporant, the description of plume
microphysics using binary homogencous aucleation failed 1o
explain a field measurement (Yu ¢ of., 1998), In two cases,
comdensition nucleus observations m the exhaust of the
ATTAS and the Concorde (Figure 3-3a) have been explained in
detuil with o mode] thit inclsdes C1 emnissions on the onder of
107kg fuel. The observable (ion maode) particles have mean
radii of about 2 1o 4 nm i the young plume, for EICS) ranging
from averige 1o high values, For decreasing levels of available
H.50,, the ion mode particles decrease in size. The number of
detected particles falls below 1007kg fuel when the mean
rading of their size distrmbuion becomes smaller than the
detectson limit of the particle counters.

The exrant of conversion of fuel sulfur o S(V]) secessary
o explain the observed mass of volatile aerosol in young
plumes seems 1o be variable. Direct measurements of H.50,
kave provided a lower bound of ~0.4% (for high-sulfur fuel,
1.7 g'kg fuel) and an upper bound of -2.3% (for low-sulfur
fuel, 003 phg feal) for the conversion fraction in one case
(Curtivs of al,, 1998), consistent with caleulated 50, emission
lavels (Brown er al, 19963 5. For the low fuel-sulfur case, it
has been demonstrated thar the observed volaule particles
cannol be mainly composed of H 50, (Kircher er al., [99Eb).
In odher cases, conversion fractions have been mdirectly
inferred from mass balance arguments involving obderved or
inferred particle size and pumber distributions, available sulfur
a5 measured in fuel samples, and assumplions of asrosol
comnposition, The depepdence of the conversion fraction on
EIS) differs in the few studies performed 1w date (Fabey el al,
19495a; Schumann of o, 199%; Hagen ef al., 1998 Miake-Lye
et al., 1998, Pueschel er al,, 1998). The values deduced from
these measurements range from the minimom vales of 04% 10
more than 205 Some of the mdirect analyses may be affectad
by uncerainties (presibly about X1%) regasding the sulfur content
in the fuels, (her experimental uncerfainties are associated
with these determinations, and the range of airceaft engines and
operating parameters adds 1o the observed variability,

Grenieralization of these requlis cannot be done with conlidence
because of limited empirical knowledge of the S{VI} conversion
fraction and emission levels of Cls represeniative of the
exhaust &5 it enters the almosphere, Part of the observed
volatile aercaol may be composed of HNMO, (Zhang of al,,
1994; Kircher, 1997) or MMHCs (Kiircher er al., 19985, or 11
may result from wnrecognized sulfur oxidation reactions
(Danilin e af., 1997; Miake-Lye e al., 1998). Uptake of
gaseous 50, and subsequent heterogeneous oxidation to sulfale
in the pew volatile particles is lkely small (Kiirchers, 19971, but
the possibility of other condensational of aqueous-phase
growth mechaniams has ot ver been fully explored. Cn the
other hand, C1 emissions of about 10070k fuel are consitent
with abservations (see Section 3.2.1.3), although they nesd 1o
be confirmed by further measurements ai the engine exit,
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The best estmate for the 5-t0-H.50, conversion fraction i
young plumes is 5%, with an estimated variability, or uncertaiaty
range, of 1 to 20% . Combustion models predict a range of sulfur
conversion up o ahout 10% and a potential for slightly higles
vialues because of tarbing blade cooling effects (Sections
3.2.1.2 und 7.8), Low conversion fractions of 2% are sufficient
to explain observed wvolatile particls concentrations in the
young plume behind the ATTAS when the effects of Cls are
token inio occount in simulation models of plume chemistry
und microphysics (Kircher ef af., [%98ab; Yu and Turco,
1998ak; ¥u ef al., 1998}, In contrust, the Concorde observations
can be explained by azsuming that abowt 20% of the fuel sulfur
is converted to 50 before leaving the engine exit in such
simulations (Yu and Turco, 1997),

fn sity messurements detailing particle volatility and size
distobutions such as those included in Figure 3-3 have
mvalved relatively young plomes. Forther observations in
aging plumes (= 1 h) as they dilute with the background
atrmeesphers are cumently lncking, Without detailed observations
of the microphysical evolution and chemical composition of
valatile exhanst particles from the engine exhost plume to the
global scale, important uncertninties remuin in assessing the
podential global mpact of exhaost products on chemistry and
clonutiness,

123, Soot and Metal Particles
Jdd.d.

Soat

Adrcraft jet engines directly emit solid soot porticles. Soot
encompasses all primary, carbon-containing products from
mEompiete combustion processes in the engine. Besides the
pure {(ophcally block) carbon frection, these products may also
contain ponvolatle (gray) organic compounds {e.g., Burtscher,
PR Bockhom, 1994). Soof parameters of importance for
understanding plume processes are concentration and size
distrbation at the engine exit, mecleating and chemical propertics,
and freexing ability,

ool emissions for curment aircraft engines are specified onder
the International Civil Aviotion Organization (ICAQ) osing
smoke number mensurements | Chapter 7). The smoke number
15 chvminaded by the largest soot particles collected onto o filter.
Sampling soof particles smaller than aboot 30 nm on such
filters becomes imefficient. Correlations between smoke
numher and 800t mass concentrations (e.g.. Champagne, 1988)
are used o estimate the soot mass El from 1CAD cerification
data, A meun value has been estimated to be approximately
004 gkg fuel for the present fleet (Dépelbeucr, 1997),
Becouse soot emissions depend strongly on engine types,
power settings, and flight levels, additionol information is
generally meeded to relafe smoke number to emissions under
flight conditions, However, details of the size distribution and
physicochemical properties of soof under flight conditions are
genetally nod known and cannot be inferred from smoke
number data,

75

Sood particle messurements for o variety of contemporary
engines show vidues ths scatter around 100%g fuel (Figure 3-3B).
Thus, soot s about 100 times less abundant in the plume than
volatile sercenl particles; no significant, if any, dependence
exisls between sool and fuel sulfur content (Petzold er al,
1907, 1900 Anderson of al., 1998a; Paludino of al., 1998},
Values of 1004 1o 100%9%kg fuel ans consistent with 0 mass mnge
af 0.01 1002 gkg fuel for individual engines using estimated
size distributions, The older Concorde and T-38 engines show
exceptionally high number Els, whereas one modem subsonic
engine emils much fewer sool particles (about 10Wkg fuel)
(Howard eraf,, 1990), Sool particles ane composed of individual,
nearly spherical particles (spherules), which have a number
mean radivs between 10 and 30 nm and excesd the siee of
vislatile aerosol particles in a young plume (Hagen eral., 1992;
Rickey, 1995) (Figure 3-2), Saveral spherical soot particles
may aggregate and form a complex chain struciure that may
change with time (Goldberg. 1985). The smallest soot particles
will be most rapidly immersed in background aerosol droplets
by coagulation, consistent with the fact that only larger
individual snot particles or agglomerates with radii larger than
about 50 o 1N pm are observable at eruising levels (Sheridan
er af,, 1904). Feported estimates of soob surface ares of the
engine exit are in the range of 5,000 to 104 pm? e (Rickey,
1995; Petzold &r al., 1999}, These values continually decrease
as the plume dilutes,

Much less information s avalable concerming the hydration
properties of exhavst sool, In the initinl stages of formetion,
graphite-like soot particlkes are hydrophobic, However, labormtory
observations have shown thal n-hexane soot particles and other
black carbons are partially hydrated (e.g., Chughtai er al,
1996}, Soot particles fresh from jet enginés very likely becoms
hydrophilic by oxdation processes or deposition of water-
soluble species present in the exhaust, Imegulur surfsce features
and chemically active sites can also increase chemical reactivity
and amplify hererogeneous nocleation processes,

A clear correlation between fuel sulfur content and soluble
mass fractions found on fresh exhaust sool sugpests that soot
hyidrates more effectively with increasing EICS ) ond that H 50,
is the primary soluble constuent (Whitefield o o, 1993),
Hydration of carbon particles was observed onder water-
subsarurated conditions afler treatment with gaseouss H,S0,
(Wieslouzil er al., 1994}, This iscrease in H,O adsorplion is in
qualitative agreement with an analvsis of the wetting behavior
of graphitic carbon under plume conditions (Kiircher er al.,
1996h), Heterogensous nucleation of H,S0, hydrates on soot
weiks fotenad 10 be unlikely under plume conditions, Soot hydration
properties may aleo change afler treatment with OH and ozone
(Kircher et al., 1996h; Kotzick o al,, 1997).

Production of water-soluble material by the interaction of soot
with 503, is unlikely because the sticking probabilites of
gasecus 50, on amorplous carbon are oo small (Andrmache
and Chameides, 1997; Rogaski ef al., 1997), However, 30, and
H,50, might easily sdsorbh on soot pror o velatile particle
formation and may explain measured soluble miss fractions om



il

spot (Khrcher, 1998b). Sulfur may also become incorporated
inio soot already within the engines, possibly via S-containing
hydrocarbons involved in soof formetion (Petzold and
Schrifder, 1%98), Scavenging of small volatile dropleis
constitutes another soot activation pathway (Zhao and Turco,
1995, Brown ef af, 19%96b; Schumann e al., 19963, The
resulting liquid H,50,/H,0 coating increases with plume age
and may enhance the ice-forming ability of soot, which is
only poorly known (Section 3.2.4), or it may suppress reactions
identified in the labomiory using dry soot surfaces (Gao er
al.. 19598,

3232 Metal Parficles

Adreralt jel engines alse directly emit metal particles. Their
sources include engine erosion ond the combustion of fuel
contimmng frice metal impuorities or metal porticles that
enler the exhaust with the fuel [Chapter 71. Metal particles —
comprsing elements such s Al, Ti. Cr, Fe, Ni. and Ba— ame
estimaled to be presendt sl the parts per billion by volume
ippb¥l level af nozzle exit planes (CLAP, 1975; Fordvee and
Sheibley, 1975), The comesponding concentrations of 107 io
10¢ particleskg fusl (pesuming 1-jim radivs; see below) ane
miuch smaller than fdr soot, Although metals have been found
nd residuals in cirmus and contrail ice particles (Chen ef al,
1998; Petzold ef al., 1998; Twohy and Gandrad, 1998), their
number and associated mass are considered too small to affect
the formation or properties of more abundant volatile and soot
plume aerosol particles,

124,  Contrad and foe Particle Formation

7240, Formagien Conditions and Observarions

Contrails consist of ke particles that mainly nucleate on
exhaust sl and volatile plume aerosol particles. Conrail
lormation is caused by the mcresse in relative humidicy (RH)
that pecurs 6 the engine plume a3 a result of mixing of warm
and moist exhawst gases with colder and less humid ambient air
{Schmidt, 1941; Appleman, 1953}, The RH with respect to
liquid water must reach 100% in the young plume behind the
airerafl for contmil formation o oceur (HShndosf, 1941
Appleman, 1953; Busen and Schumann, 1995, Jensen of af.,
1998a). The thermodynamic relation for formation depends on
pressvire, lEmperature, and RH at o given flight level; fuel
combustion properties in terms of the emission index of H,0
and combustion heat; and overall efficiency 7 (Cumpsty,
1997y, n, defined as the fraction of fiel combastion heat that is
used to propel te awcraft, can be computed from engine and
aircraft properties [Schumann, 19968; see also Section 2.7},
Cmly the feaction (1-1) of the combustion hent lzaves the
engine with the exhaust games. As the wvalie of 7 increnses,
exhanst plame temperatures decrease for a given concentration
of emitted water vapor, hence contrails form at higher nmbient
temperatures and over a larger range of altitudes in the
pimosphers { Schmidt, 1941,
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Several recent studies reporied formation and visibility of
contrails al lemperatures and humidities as predicted by
thermodynambe theory for 8 variety of aireraft and ambient
conditions (Busen and Schumann, 1995; Schumann, 199%6b;
Schumann er af, 199G lensen e af, 1998a; Peteodd er o,
1948}, These data are compiled in Figure 3-4. The mixing
process in the expanding exhanst plome is close (o sobaric, so
the specific excess enthalpy and water content of the plume
decrease with a fixed ratio as pleme species dilute from engine
exil 10 ambient values. Hence, plume conditions follow seraight
“mixing lines” in a plot of H.O partial pressures versus
temperature {Schmidr, 1941) (Figure 3-4). The thermodynamic
properties of H,O are such that the saturation pressures over
ligquid water and water-ice (snlid and dashed lines) increass
cxponentislly with temperature. Therefore, within the first
second in the plume, the exhanst BH increases io a maximurm,
then decreases o ambient values, The ambizat iemperatune
reaches threshold valwes for contrail formation when the mixing
limes touch the liquid satoration curve in Figure 3-4b, Contrails
persist when mixing-ling endpoints fall between the liguid and
ice saturation pressures—that is, when the ambient atmosphere
is ice-supersaturated, Without ambient jce supersaiuration,
contrail ice erystals evaporate on tme scales of seconds I
minutes. Short-lved contrails may alse form without ambient
water vapor if ambient temperafures are sufficiently low,

Contrails become visible within roughly & wingspan distance
behind the aircraft, implying that the jce particles form and
grow large enough 1o become visible within the first 1enths of
a second of plume age, loe size distributions peak typically at
05 to | pem pumber mean radivs (Figure 3-2), A lower limit
comcetiration of aboul 10F cor? of jee-forming partickes in the
plume {ai plume ages between 0,1 and 0,3 5) 15 necessary for s
comirail 1o have an oplical depth above the visibility threshold
(Kircher er af,, 1996b), These values and the comesponding
mean radil of 1 gm of contradl e particles are in pgreement
with ir sine measurements in voung plumes (Petzold er al..
1997}, Initial ice pamicle number densities increass from 104 10
10 cn? and mean radil decrease from 1 10 0.3 pm when the
ambient temperature is lowered by 10 K from a typical threshold
value of 222 K (Kircher o ol 19982}, Althoagh serosol and
ice particle formation in & conirail are influenced by the foel
sulfur content [ Andronache and Chameicles, 1997 1995, it hos
only a small {< 0.4 K) impact on the threchold temperature for
contrail formation (Busen and Schumann, 1995%; Schumann e
al., 1004],

Simulations of contrail formation further suggest that contruils
wisld alses foro witheut soot and sulfur emisswomns by activation
and freezing of background pasticles (Jensen et al,, 1998h;
Klrcher of al,, 19982}, However, the resulting contrails would
have fewer and larger particles,

lee particle size spectra within and at the edge of young contrails
systematically differ frorm each other (Petoold e af, 1997),
Ambient acrosol may play a larger role in contrail regions that
nuecleate af the plume edges, where the mtio of ambicnt w soot
particles is largest and when ambient temperatures are low
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(212 K) {Jensen ef af., 1998b), Ice particles may also nucheats
on ambient droplets in the upwelling limbs of vortices and
could contribute o contrail jce mass (Gierens and Stobm,
1998). Metal {and soot) particles have been found as inclusions
in eontral ice particles larger than 2 t0 3 pm in mdins (Twohy
and Gandrud, 1998), but these pariicles are numerically
wnimportant compared with other plume particles.

Contrail ice erystals evaporute quickly when the ambient nir
is subsaturated with respect to o2, unless the particles are
coated with other species such as HNO, (Dichl and Mitra,
1998}, Simulations suggest that a few monolayers of HNOy
miay condense onto 02 particle surfaces and form NAT particles
in strateapheric contrails (Kircher, 1996y, These particles
would be thermodynamically stable and longer lived and
would cause a different chemical perurbation than would
short-lived stratosphenc contrails composed of water ice.

0

H,0 Fartial Pressars (Fu)

;0 Partial Prossure (Pal

H,0 Partial Pressure (Pa)

-t -55 50
Temperature (*C)

45 40 35 .30

7

However, the relevance of this elfect on lirper scales has not
yel been studied because no parametenization of NAT particle
nucleation in aircraft plumes exias for use in atmospheric
maodels (Chapter 4),

3242 Freeping of Contrall Particles

[ a young contrail, activated pasticles first grow 1o sizes = 0.1 pm
by water uptake before many of them fmeexe homogeneously 1o
form water-ice particles (Kircher er al,, 1995; Brown er al,
1997y, The fraction of H50,H.0 droplets that freezes
depends on the actwal dropler composition, which affects the
homogencous freczing rate, the tme evolution of H,O
supersatoration and temperature in e plome, amd possible
competition with heterogeneoas freezing processes involving
soot {see Figure 3-1).

Pure water droplets freeze homogensoushy (withouw! the presence
of o foreign substrate) ot & rate that grows in propotion o
droplet wolume and bocomes very large when the dropler is
cooled o the homogeneouns freezing limit near abou 45°C
(Pruppacher, 1995). Acsdic sohmtions freeme an lower lempenifures
than pure water. Freezing is often induced heterogenenusly by
solid material immersed inside a droplet (mmersion freezing)
or in contact with its surface (contact frsezing). Prediction of
heterogeneous freezing rates requires detailed knowledge
oboot the ice-forming properties of droplet nclusions
(Pruppacher and Kletr, 1997). If homogeneoas and heterogensous
freezing processes are possible, the most efficient freezing

il

-

Figure 3-4: Waler vapor partial pressure and temperature
measurernents and calculations from various contrail studies.
Symbals mdicate measared ambient conditions of temperaiure
and Hy0 abundance behind various identified aircrafi,
Measurements are grouped using visual observations of
contrails into three categories: (a2) The existence of comtrails
is confirmed, (b) contrails wene just ot the limit of formation
of disappearance, amd (¢} contrls were not observed. Liguid
and jce salurstion pressure ae given by full and dashed
curves, respectively. The thin line connected to sach symbaol
represents the mixing ling of plume states between ambient
and engine exit conditions, The mixing lines have altitude-
and engine-dependent shopes given by the expression
EIHO) e, p [0.622 (01 - M), which includes the emission
incdex of water vapor, the specific heat capacity of air ¢, the
ambsent presaure p, the ratio of molar masses of woter and air
(06221, and the effective specific combustion heat 201 - 1),
where 1) is the overall efficiency of propulsion for the aircrafi
and {7 is the fuel-specific heat of combustion, Because contrails
are observed only when the mixing line crosses [in ()] or at
least touches [in (b)) the hgusd water satumation curve, these
observations are consistent with the modified Schmidt-
Applemsan critenon used to predict contrail ocourrence {from
Kircher et al., 1998a),
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mode akes up available H D and may prevent the growth of
other particle modes.

Whea the pmbient temperature is nenr the threshold value for
contrail formation, models snggest that volatle perosol partcles
take up only a little water and stay below the eritical size
(radii = 2 to 5 om) required for growth and subseqoent
freezing (K brcher er al.. 1995), This critical size — hence freezing
probability —depends on moximum supercooling resched in
the expanding plume, Particls growth rates—hence freesing
rates—are lorger in cooler and more homid ambient air, so
volatile particles may contribute considerably 1o ice crysial
nucleation at temperatures below the contrail threshold vales,
This result is supported by observations of comtrails and their
microphysical properties for differenmt fuel sulfor levels
(Petzold e al., 1997) and environmental remperatures
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Figure 3-8: Soot activation and heteropenesmes freezing in
voung aircraft exhaust plumes (Kiircher, 19498},
Observational evidence sugpests the existence of o sulfur-fres
pathway (starting with the deshed amow | for freezing of ice
at threshold formation conditions, Thiz pathway s probably
dominant for low and very low fuel sulfur levels. The solfur-
enhanced path (solid arrows) is controlled by sdsorption of
oxidized sulfur molecules, water vapor, and scavenging of
H,50,H,0 droplets. Activation into water droplets oocurs
when the relative humidity in the plome excesds 100%. A
few ice particles may nuckeate below lquid water suturation
{dashed arrow}, Well below threshold formation temperatures,
homogeneous freezing of volatike droplets from the nocleatson
mode {in which case ice crystals initially contain no soot
inchusions) is thought to dominate over soot-induced mmersion
freesing mn the fomation of contrail ice pariiches. The hexagon
is o schematic representation of ice particle shupes thal are
chose 1w sphencal in voung contrails but may vary o aging
contrails, Sool cores may reside inside the ke particles or be
artached ar their surfaces.
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iFreudenthaler ef al,, 1996). Volatile particles grovwn on
charged droplets are more ensily activated than neutral mode
droplets (compare in Figure 3-I3, therefore may play an
enhanced role in contrail formaticn (Yo and Turce, 1998b),
Ambient particles also contribute to ice crystal nucleation in
the eontrail (Twohy and Gandrad, 19585,

In conteail particle formation, heteropeneous freezing processes
invalving soot (see Figures 3-1 and 3-3) compete with
homogeneous freezing of volatile plume porticles. Volatile
droplets will be prevented from freezing if rapid freezing of
so0l-comtaintng  particles occurs. Although this annlysis 1s
supported by model simulations ond some observations
(CGiierens and Schumann, 19%96; Klircher er al., 1996b, 1998
Schumann er af,, 1996; Browm of al, 1997, Konopka and
Vopelsherger, 1997; Schrider er al, 1998a; Twohy and
Gandrud, [998), the freezing probability of sool is poorly
known because unique evidence that soot is divectly invedved
in ice formation is difficalt 1o obtain from e siin measunements,
(i the ather hand, fresh soot particles do not act as efficient e
[deposition) mecled in the exhaost (Rogers ef al.. 1998}, consisient
wilh the absence of contrails at temperutures phove the liguid
woler samueation threshold.

Comtranls observed near threshold formation conditions are
thought to result from freezing of water on soot particles
(Kiircher e al,, |906b; Schumonn 1 o, 1996; Brown ef af,
10071 (Figure 3-5) This result is supported by labortory
experiments (DeMomn, 1990; Dichl and Mitra, 19948) that provide
evidence that soof may induce ice formation by heteropensous
immersion freezing al temperatures colder than about 250 K.
Water activation of sool may result from the formotion of ot
beast o partial surface coating of H-50,H;0 droplets, which
likely develops for average o high fuel sulfur levels (Figure 3-5).
Hence, muore fuel sullur leads 10 a gregter number of ice panticles.
However, observations demonstrate that the number of ice
particles (diameter > 300 nm) in young contmils increases by
anly abowt 3% when the fuel content increases from G to 270K
ppem (Petzold er ol 1997), as model simulations of contrail
formation alve show (K Srcher ef af . 1998a).

Comtrails ab threshold corditions appear to be formed for very
low (2 ppm) fuel sulfur content in the same manner as for
average fuel sulfur content (260 ppm) (Busen and Schuwmann,
1995}, but their properties differ measurably for larger fuel
sulfur content (Schamann ef @, 1996). This result suggests
that 200t may take op water even at zero fuel sulfur content,
though this uptake may be enhanced in the presence of sulfur
emissions (Eircher e al, 1998a; see Figure 3-3).

The presence of liquid coatings moy aher the chemical reactivity
of dry exhaust soot, which is poorly known (Chapter 21, 5ot
particles acting o5 freczing nuclel have the potentinl to alter
cirmas cloud properties (see Sectiqon 3.4). Present observations
div not rake out the possibility that nircraft soot particles can act
a5 freezing nockei in cirmes formation, perhaps even without a
H-50,H.0 coating. Information is lacking on how the chemical
reactivicy and freezing properties of soot might change in aging
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plumes from interactions with background gases and particles
or ns a resull of aerocol processing in contrails.

33,  Regional and Global-Scale Impact
of Aviation on Acrosals
330, Global Aircraft Enissions and Aerozol Sonrces

Adreralt emissiciis may caose changes in the background
distribution of seot and sulfuric acid serosols at pegional and
global scales, In this section, observations and model nesults
are ised 10 evalose these potential aircrafl-induced changes.

Sol ancl qulfir miass emissions from aireraft are small compared
with ather global emissions from anthropogenic and narrl
somrces (Table 3-2). However, wircraft emissions oocar in the
upper troposphere and lower stralosphers, where hackground
valoes are lower and removal processes are much less effective
thin near the Ezrth's surface, Moneover, ainerafl aeround particles
tend Lo be smaller than background particles, so small emission
musses may etill canse larpe changes in aerosol pumber and
surface area densities. In addition, aerosol particles from aircraft
can participate in the formation of contrails and clouds in the

Ty

upper troposphere, hence potentially alier the radiotive bolance
of the atmosphere (Section 3.8).

About 93% of all aviaton fuel is consumed in the Northern
Hemisphere and 7% in the Southern Hemisphere (Boughcam
et al.. 1996; tee Chapter 9). Within the Northern Hemisphere,
T6% of aviation fuel ts consumed at mid- and polar latimdes
[ 30°N). The geographical and altitude distribution of current
aviation fuel consumption implies that the largest changes in
gerosal ond gas composition from aviation will be at northem
mid-latitudes at altitades of 10 to 12 km.

332, Sulfate Aerosol

3324, Erramaphere

The buckgroumd siratospheric sulfate layer is believed o be
formed largely via the transport of carbonyl sulfide (OCS) into
the stratosphere, its subsequent conversion 1o H,50, (Crutzen,
1976), and condersaion of .50, onio smoll particles nucleated
primarily near the equatorial tropopause (Brock er al,, 1995,
Hemill o @i, 1997). Current global photochemical models
estimate that the autural source from OCS contributes 0.03 10

Table 3-2: Emission indices and extimered global emission rates of exhoust products of the present {1992 aircraft fleet using
represeniarive emission indices, Emission souwrces other than aircraft and estimated magnitudes of these emizsions are listed in
thet dasr twe colimns, Vialues in parentheses indicate estimaied range {adapied from Fabian and Kdrcher, 1997 Schumann,

ook |,
Emission Rate Comparahle

Fuel and Emission Index {1992 fleet) Emissions )
Emissions {g polluiant/kg Muel) (Tg vrlj (Tg ¥yr1j Comparable Emission Source
Fuel - L4 (1391702 31440 Towa] consumption of petrol
H 1260 176 45 CH, oxidation in the stratosphere

525MN) Evaporation from Earth’s surface
NO, (a5 NO,) 14 {12-16)2 2 29+14 Flux from the stratosphers

o0+ 35 All anthropogenic sources
Hon 0.04 (0010150 .0 ]2 Foasil fugl combustion and biomass burming
Sullur 0.4 (0.3-0.5) (+.0if fad Tatal from fozsil fuel combuastion

10-50 Matral source, mostly os DMS®
2.0 Mon-eruptive volcanoes
408 Eruptive volcanoes

O H, 0.6 (0.2-3.0 0.1 T Anthropogenic emissions at Earth's surface
* Feom Chapier &
b Ditpelheuer, 1997,

i Liousse ar @, 1996,

i Henkowice éral., 19960,
* Winson er ., 1992,

I Spira & al., 1992,

E Chin erad., 1966,
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00 Tg & yr' into the strotosphere (Chin and Davis, 1995,
Weisenstein er af,, 1997), Additionn] sources of stratospheric
sulfur may be required to balance the bockground sulfur budget
{Chin and Daviz, 1995}, such as 0 sirong convective transport
of 50 precursors {Weisenstein f al., 1997). Large increases in
H,50, mass in the stratosphere often oocur in periods following
wolcumic eruptioms (Trepte ef ai. 1993}, Increased H.S0,
imgrenses the number and sipe of siratospheric aerosod particles
(Wilson er wf., 195033, The meloxation o background walues
requires severnl yeurs, as Figure 3-6 illusirates with serosol
extinction messurements denived from saiellite observations.
The relative effect of aircraft emissions will be reduced in
periods of strong volcanic activity, particularly in the
strotosphere. becouse the aircrafi source of aerosol becomes
small compared with the volcanio source {sce Table 3-1).

The cument subsonic fleet injects <002 Tg § wr! into the
striosphere under the assumption that ope-thind of aviation
fuel 15 consumed in the straiosphere (Hoinkn er af, 1993,
Berger ef al,, 1994} (see Table 3-2). This amoont s 1.5 w 3

a) G408 b} 40-20°5
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times less than natural sources of stratospheric sulfur n
nonvolcanic periods. Tle enhanced sulfae acrosol surface area
in the stratosphere affects orone photochemistry through
surfnce repctions that reduce nitrogen oxides and release active
chlorine species (Weisensiein er al,, 1991, 1996, Bekki amd
Pvle, 15893; Fahey eral., 1993, Bormmann er o, 1996, Solomon
et al,. 1997}, The chemical impact of sulfEe aerosol in the
stratpsphere is discussed in Chapiers 2 pnd 4

3322  Tropoiphere

Anthropogenic and natural sowrces of sulfur are much larger in
the troposphere than in the stratosphere (Table 3-2)
Anthropogenic emissions of sulfur exceed natural sources by
faccors of 2 10 3 on & ghobal scabe, and emission in the Northem
Hemisphere exceeds that in the Southern Hemisphere by a factor
of 10 {Langner and Redhe, 19913, Accordingly, aercsol abundance
is larger in the upper ropesphere than in the stratosphere and
larger in the Momhem Hemisphere troposphere than in the
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Flgure 3-6: Acrosol extinction at 102 pm from SAGE 11 swiellite observations at altitudes of 6.5 10 24.5 km. The time period
coverad i fh-lnﬂﬂ' 1984 to late 1997, with o resolution of 3 months. Esch pancl indicates mean values observed in a 207 lntitade
band. The white line indicates the locstion of the tropopause (extension of Plate | in Kent er al., 1993),
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Southern Hemisphere counterpant (Hofmann, 1993, Benkovie
et ol 1996; Rosen ef ai., 1997; Thomason ef al, 1997akb)
{Figure 3-6), Tropospheric sensol concentrations are much larges
than lower stralospheric concentrations under nonvolcanic
conditions, Condensation nucleus number densities exceeding
1 JHH) eor? are nof uncommon in the roposphere (Schrider and
Steism, 1997 Hofmann er o, 1998), whereas values in the
[ower stratosphere are less than 30 eme? in ponvolcanic periods
(Wilson er al., 1993).

The effec af alrerafit sulfur emissions on serosol in the upper
troposphere and lower stratosphere is far larger than comparison
al their amonnd with global sulfur sownces suggests, The major
surface seurces of tropospheric sulfate aerosol include 50, and
dimethyl sulfide (DMS), both of which have tropospheric
lifetimwes of less than 1 week (Langner and Bodhe, 1991;
Weisenstein er ol , 1997). There is larpe variability in upper
tropospheric aerosol particle oumber and size (Hofmann, 1993;
Thomasan et af., 1997h) becanse of vanability in tropospheric
meteocelogy and the shorm lifetinee of sulfur source gases,
Surface emissions are known o reach the upper roposphers
undder certain conditions, such as during deep mid-latiiude and
tropical convection (Amold et af,, 1997, Prather and Jacob,
1997 Dibb er el 1998: Talbot e al., 1998), Only a small fraction
af the surface suliur emissions reaches the upper toposphere,
however, because of the large removal rates of sulfur specics
near the surface,

3323, Differences beiween the Upper Troposphers

and Lower Stratosphere

The eifects of arcriul enissions on acroao] particles and serosol
precursors depend on the amounts emined ino the roposphere
undl stratosphere, In addivion w seresel abundance and sources,
stratespheric amd tropospherc agrosols also differ in composition
und residense tme, Typical parsmeters for sulfae ar 12 and 20
km at northern mid-latinides are summarized in Tahle 3-1.

Sulfme 15 consadensd 10 be the dominant component of strainspheric
gervend; sool and metaly are considered 10 be minor consponets
(Pueschel, 1996), The composition of tropespheric agrosol,
particularly near the surface, also includes ammoenivm, minerals,
dust, sea salt, and organic particles (Wameck, 1988), The rele of
mirer components of sl composition in affecting helerogeneous
renction mles s nol Tully undersiood. In general, the lower
strattosphere contwns highly concentraied H.50,H,0 particles
(65-80% H,50, mass fraction) as a result of low relative homidity
in the stratcsphere and low temperatures (Steele and Hamill,
1981; Carslaw eral, 19971, Higher H,O abundances (by a factor
of 10 or more) and similar temperatures cause particles in the
upper troposphere i be mere dilute (40-60% H,50,). Surface
reactions that activate chlorine are pamicularly effective on
dilute H;50, particles and cirrus cloud particles at low
temperatures in the tropopavse region (Chapter 2,

Adreralt emissions imjected inlo the siratosphere lave grealer
potentisl o perturh the aerosol layer than those emited into tee

&

troposphere, becanse in the stratosphere the backgroand
concentrations are lower and the residence times are longer.
The initial residence e {l'e-folding time) of most of the
siratospheric sulfate acrosol mass from volcanic emuptons is
abouwt 1 wenr as o result of aerosol sedimentation rmies
(Hofmann and Solomen, 198%; Thomason eraf., 19970; Bames
and Hofmann, 1997} (see also Figure 3-6). The nesidence time
of the remaining aerosol miss contained in smaller particles is
several vears. The residence time of upper tropesphenc aerosol
partickes is much smaller, ranging from several days (Charlson
et al., 1992 to between 10 and 15 doys (Balkanski er al.. 1993;
Schwarnz, 1996). Tropospheric particles are larger than those in
the stratosphere (Hofmann, [990), therefore sediment foster,
They are also removed by cloud scovenging und rainowt.

133, Observations of Aircraft-Produced Avrosol

and Sulfote Aerosol Changes

Observations of aircraft-induced nercsols have increased
substantially in recent years {see Section 3.2}, Copcentrations
of aerosol particles and serosol precursor goses well abowve
backzround valoes have been observed in the exhoust plumes
of aircraft operating in the upper troposphere and lower
stratosphere. Although aircraft emissions are quickly diluted
by mixing with ambicnt air to near background values, the
accumulation of emissions in flight corfidors used in the
routing of commercial air traffic has the potentinl 0 causs
notable atmosphernic changes.

Estimated changes from aircraft emissions (Schomann, 1994,
WhO, 1995} are small compared with notural variabilicy,
bence are not alwavs apparent in observational data sets,
Hoowever, regional enhancements in concentrations of aircrafi-
produced serosol have been observed near air traffic comidors.
Draring measurement flights across the MNonh Adantic flighe
corridar over the eastern Atlantic, signarres of MO, 30, and
condensation muclei (CN) were clearly evident in the exhoust
plumes of 22 aircrafi that passed the corridor at this alfitude in
the preceding 3 h, with valses exceeding backeround ambient
levels by 30, 5, and 3 times, respectively (Schlaper er al,
1997 A mean CNING, abondance ratio of 300 cme® pphy-|
s measwred. This ratio comesponds goa mean pamicle emission
index of about 10 kol and implies CW increases of 30 cm-? in
corridor regions where aircrafi increase MO, by 0.1 ppbw {cf.
Chapter 2). The regional pertarbation was found o be
detectable ar scales of more than 1000 km under special
meteorological conditions within a lomg-lasting stagnant
anticyclome (Schlager er all, 1996}, In an analysis of 15 years
of balloon measurements in Wyoming in the wesiern United
States of America, subsonic aircrafi are estimated to comribute
about 5—13% of the CN concentration at B-13 km, depending
an the season (Hofmann er @, 1996, This estimabe provides
anly a lower bound of the aircraft conribution becawse smaller
aircrafi-produced particles (radius < 10 nm} are not detected.
Addizionally, regular lidar measurements have been made of
aerosol pptical depeh ab aircraft altinudes {10-13 km) in an area
of heavy air raffec in southem Germany (Jiger er af,, 1998).
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Table 3-3;: Non-velcanic wpper tropospheric anmial mean optical depth and % change per vear, aleng with standard deviation,
Jfrowe SAGE sarellite observations during [979-97. Values in parentheses are for the Southern Hemisphere (adapied from Kens ot

al,, J998),

Latitude Band Annual Mean Opdical Depth (104 Change per Year (%)
RO-60" N(5) 251 +4.7(29 209 04202 (0.7 £ 0.6
040" N{S) 181 £4.7(70% 1.0 04=02(14=03)
All-20 W5 93+ 29(152+29%) 024001202}
0P M5 196+ 09 (182 + 1.6) 02«00 (08 £0.1)
Herisphers N{5) 01 +01 (0% +0,3)
Cilobe 5=02

Large optical depths on the order of 0,1 that could be attributed
to the accumulation of aircrafi semsol were observed wery
rarely af this location,

Global changes in sulfate aerosol propertics at subsonie air
traffic altitudes were small over the last fow decades, The
examination of long-term changes in aerosol parnmeters
sugpests tht aircraft operations up to the present time have not
substantinlly changed the background aerosol mass. Multiyear
ohservations for the Upper troposphere and lower stratosphere
are available from satellite and balloon plaforms and ground-
based lidar systems. Long-term variations of the optical depth
in the upper troposphere from the SAGE satellite (Figure 3.6
and Table 3-3) have been analyzed with periods of volcanic
influence excloded (Kent e af,, 1998), Datn indicare that
changes are less than about 1% yr! between 1979 and 1998,
when observations are averaged over cither hemisphers A
significant change in serosol amounts is also not found in the
15- w 30-km region examined with lidar over Mauna Loa
(20"N) for the period 1979 1w 1996 (Bames and Hofmann,
1997}, Similarly, aercsol mass data above the tropopause
derived from lidar soundings show no wend in a region of
heavy air traffic in Germany (48°N) over the last 22 vears
{Figure 3-7) (Niger and Hofrmann, 194913 Jager er al_, 1998),

Long-term changes in acrosol parameters measured in sty are
alsa small, fr site measurements are important because the
number of particles in the upper troposphere and lowermos
stratosphere is dominased by sizes that aré too small (< 0.15-pm
radius) 10 be remotely detected. Lomg-term changes in CN are
small in the 10- to 12-km region of the mid-latimde troposphere,
where most of the cumrent sireraft flest operates (Hofmann,
1993). The 5% yr! increase in larger particle (radius > 0,15 jwm)
abundances found in lower stratospheric balloon measorements
mide between 1979 and 1990 was considered consistent with
the accumulation of aircraft sulfur emissions (Hofmann, 1990,
1991). However, the absence of & change in ohserved stratospheric
CN number suggests that the trend in the larger particl=s is the
result of the growth of existing particles rather than nuclestion
of new particles, Model results show that the contribution of
the current subsonic fleet 1o serosol mass amounts between
15 and 20 km is gbout 100 times smaller than the observed
aercsol amounts (Section 3.3.4; Bekki and Pyle, 1992).

Frevicus bolloon-botne CN coanters did not measure particles
below 10 nm in radios, which are now detected with maore
modern CN counters and dominate serosol number in alreraft
plumes. Moreover, the sttribution of serosol changes 1o abreraft
5 complicaied by changes in surface sourees of sulfise and
episodic strong imjections of sulfur from volcandc eraptions
(Hitchman er al., 1994; Barnes and Hofmann, 1997 Thomason
aral. 1997ab), Hence, the contribution of aircraft emissions to
chunges or possible trends in these regions iz difficult o
determine at present,

J34.  Modeling Sulfaete Aerosol Perfurbations
Cansed by Afrernfi
T34T.  Subsonie Alrcragft

Global models are required to evaluate the mospheric impact
of aerosol generated by subsonic aircraft (Friedl, 1997:
Brasseur ef al., 1998). The global distribation of tropospheric
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Figure 3-T; Aerosol-muss column berwesn 15- and 20-km
altitude, derived from backscatter measurements made by
lidar at Garmisch-Partenkirchen, Germany, befween 1576 and
end of 1998, Dares of major voleanic eruptions are marked
on the borizontal axis (H, 5t Helens: A, Alsigd: C, E] Chichén:
R, Ruiz; N, Nvamurgirn; P, Pinataba). The dashed line
indicates the avernge valoe of 1979, which can be considered
a background valne free from volcanic influence (adapted
from Jiger and Hofmann, 1991; Jiger e ol., 1998).
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sulfur species has been investigated using various chree-
dimensional (3-0) mxodels (Langner and Rodhe, 1991; Penner
eral., 1994 Chin eral., 1996; Feichter er al., 19%6; Pham er ai..
1996, Schwarte, 1996). Because most models have been
developed o investgate regional or global effects of surface
emissions in the lower or middle troposphere, few have
addressed the potential impact of avistion sources on aesosol
parameters in the upper troposphere and lower siratosphene,

A systematic model study kas been carmied ol with a suite of
pwo-dimensional (2-00) and 3-0F atmosphenc models 1o determine
upper bounds for the accomulaton of aviation aerosol in the
atmosphere (Danilin ¢ af,, 1998), Each mode] computed the
steady-state global distribution of a passive tracer emitted into
the model atmosphere with the same rate and distribution as
aviation foel vse, based on the NASA 1992 dutabose {(see
Chapier 9. The only sink for the passive tracer i3 below 400 hPo
{approximately 7 km), where it is removed with a 1/e-folding
time of 3 days. The resultant global tracer distribution can be
used 10 provide estimates of steady-state concentration change
from a specific emission by multiplying the tracer value by the
associoted nircraft engine cmission index (EI. Figure 3-8
shows steady-stote trocer distributions in fracer-fo-air mass
mixing rotio units and annoally and zomally averaged fuel
source wsed in the simulation. Table 3-4 summarizes the main
results of these simulations,

Al models predict the largest peruchation @ md-latiudes
the Mormhern Hemisphere in the alitude moge of 10<12 km.

LK)

However, the magnitude of the perturbation varies by a factor
of 10, ranging from 12,6 (ECHAM3) to 122 mg gt (GSFC-200),
reflecting differences in model resolution and current oncertainties
in modeling of global atmospheric dynamics and tmrbalent
diffusion. To mitigate the effects of model resolotion, the traces
amount was summed in the - o 16-km altitude regioon
between 30 and 90°NM (shown by the thick dashed line in
Figure 3-8). This regson contains 34 (AER, ECHAM3) to 615
(GSPC-200) of the wotal sccumulated trcer. The absolute amount
of tracer mass in this volume manges from 2.5 (ECHAM3) o
145 Tg (GSFC-2D). The amount of the tracer above 12 km,
which serves to diagnose the fruction of aircraft emissions
tramsported toward the stratospheric oDone MOXIMUm, fANECs
from 14 [UCIAGISS, GEFC-2D) to 45% (UMICH, AER) of
cach model's global iracer amount, The global residence timse
of the fuel fracer, defined as the mtio of the steady-stute mcer
mass 0 the tracer sowrce, varies from 21 days (TM3, ECHAM3)
to 63 days (GSFC-20F, LLNL), The lower values are similar to
the global residence times {approximately 18 days) found for
air parcels pniformly released at 11 km between 20 and 60°N
and followed with a trajectory model vsing assimilated wind
fields (Schocbed e g, 1998), The Ve-folding aircraft emdissions
lifesime: of 30 days computed by Gettelman {1998} is consisient
with the results of the fuel racer experiment described here
(Danilin er al., 1998,

The model simulaton reswls mdicate that aircraft contribote
litzhe to the sulfate mass pear the ropopause. For example, the
sulfare acrosol mass density from the GSFC-2D model (see
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Figure 3-8: Zonally and annually averaged distribution of fuel tracer in ng(traceryg{air), according to mndicated models. The
fuel source is shown in the bottom right panel. The thick dashed line shows the region between 3-16 km and 30-90°N. The

thin horizontal line indicates 12-km altinude (from Danilin ef ol

1.
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Tabie 3<4: Resuits from the 1992 fiel racer simulations (other reselss included in Table 3-1).

Max. Gilobal Tracer Max. Glokal Global

Tracer Latitude  Hesidence  8=16 km Tracer Tracer Sl =0,

Valuse of Max. Time 30-50"N >12km Column®  Column Columm®
Modefa g ") ("IN} (dys) (%) (&) (pgenr?) imgemr?)  ingcmd)
2-D Models
AER 267 55 Lh 4 45 6.5 011 i3
GSFC-2D 122 55 2 1 If 2249 .20 55
LLML 725 L] i ] 42 K T2 145 (20 &0
UNIVAGQ-2D 364 fill 23 £k 33 1.7 b0 73
-0 Models
ECHAMA [2.6 50 2 k| 3l 4.1 i1 ] 20
GSFC-3D 46.7 S0 52 44 0 11.7 .16 4.9
T3 20.1 Hid 21 45 40 49 007 20
LCIAGISS 44 55 27 49 14 8.2 0.0 16
L0 282 55 ] 1] 4 7.8 00 27
UMICH 04 65 45 & A .6 0.14 42
UMNIVAC-3D B4 S 25 50 41 7.7 008 23

¢ Models wre dencted ns follows: 3D — Atmospheric and Environmeninl Hesesrch [AER) (Weisensizin ef al, 1998}, Goddand Space Flight Cemer (GEFC.20)
[Jackmes r al., 1006), Lawrmenos Livermore Mational Lsbamiory (LLNL} (Kinnisce o af . 19%4), Universaty of L Aquila (UNIYAOQ-2EY (Pimn af il
1993 30— Cierman Aerspace Cester (DLR) (ECHAR3) (Sausen s Edinler, 1994, Godderd Spece Flight Center (GSFC-3D) (Weaver o al., 1996},
Ryl Metherisands Meszccological Institure (KNMI) (TM3) [Wauben of ol 1997}, Usiversity of Califomin o Ervine [UCTAGISS) (Hannegan ¢ al., 1998),
Universtty af Osbo (Ui0) (Bemts=n and lssisen, 1997}, Universing of Michigan (UMICH) (Permer eral., 1990}, UNIVAC-30 (Pitar, 1993

b Codemn ety calenlmed hetwees 060 km For ol mdels cxcept BECHAMS sed THS (0-52 km) axd Ul {0156 km)

¢ These valuss ere micalated from model resalis wigh ssamplioss of Elsoot) of 004 gy fuel, Blfsulfur) of 0.4 gk fuel, sed 100% coaversion of subfur to

H, 50,

Figure 3-8] is (055 pg m* & 10 km at 55°N, in contrast to
backpround concentrations of 1 6o 2 pg m- {Yoe e al., 1994},
Oither recent mode] studies (Danilin e al. 197; Ejellstrdm o
al.. 1998 show similar results for aeresnl mass; these studies
further conclude thai wircraft emissions may noticeably
enhance the background number and surface arca densitics
(5ADY of sulfate acrosol (see Tables 3-1 and 3-4) becaunse of
the smaller radii of aircrafi-produced particics.

Fuel tracer simulation also provides cstimates of soot and
sulfate columm amoants that can be used 1o calculate the direc
radintive forcing of cument subsonic flect emissions (soe
Chapter 6). Maximum tracer column valoes are located near
50 o 60N und range from 4.1 (ECHAM3) to 229 ug cm?
(GSFC-20), To calculate instantaneons direct radiative forcing
at the top of the atmosphere from aircraft sool emissions,
globally averaged wwracer column values (which are smaller than
their maxirmum values by a factor of 3 to 4) are first multiplied
by El(soot) to obain soot column values. For aircraft sulfus
ermissions, the tracer column is scaled by EICS), the ratic of
malar mass of S0, and 5, and a 1005% conversion fraction of
sulfur to sulfate (see Table 3-4). For the soite of masdels in
Table 3-4, the upper bound for the average soof column is
0.1 ng em?, with a range from 007 to (020 mg cm-?; for the
average sulfate colomn the upper bound is 2.9 ng emr?, with &
range from 2 o 6 ng cme?, If photochemical oxidation lifetime
and tropospheric washout pate are faken into sccount, 3 50%

comversion fraction of sulfur o sulfute is a mor: suiteble value
tham 100F%, In this case, the average sulfabe column & 1.4 ng cm=,
with a range of 1 to 3 ng cm-.

In addition to the passive tracer simulation, the AER 2-D
model alsg calculated the evolution of asrosol using a sulfur
photochemistry and acrosol microphysics mode| designed for
stralospheric conditions {Weisenstein er al., 1997). This model
cilculates shout 34 ng cm? for the perurbation in sulfate
aerosod @l 55°N, consistent with the AER model valee in
Tuble 34 but almost 30 times smaller than the hackground sulfate
column amouats (100 ng cme?). Figure 3-9 depicts the annually
averaged increase of sulfate nerosol SAD calculated with the
AER 2-D maodel, assuming 5% conversion of sulfur emissions
g new partickes {as recommended in Section 3.2) with a
radius of 3 nm and fuel with 0.4 g 5%g. The mazimum SAD
perurbation, located ot about 10-12 km in northern mid-
laticndes, is abous 0.3 um? cme?, which is comparble to ambicnt
values in nomvolcanic periods (Hofmann and Solomon, 1989,
Thomason e al., 19970).

Tahle 3-1 presents upper-bound estimales of soof and solfate
aerosnl number and surfece area densities from 1992 fuel
simulations. Present aircraft emissions noticeably increase the
pumber and surface arca densities of perosol particles in the
tropopanse region despite the bimpe CN hackground concentration
in the upper troposphere. The estimates use the range of values
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Figure 3.9 Latiiude and altitede distribution of annoally
averaged increase ol surface ares density of sulfate
aerosol {10 pm? em-3), caleulated with AER 2-D model
assuming a 1992 aircraft fuel-use scenario, 0.4 g S/kg
fuel, and 3% conversion of sulfur emissions into new
particles with a radius of 5 nm (adapied from Weisenstein
eral., 1997,

of computed tracer concentrations from all models and the
effective Els of soot and sulfate mass ond assume a mean
particle size of 100200 nm for sulfute (soot) particles and a 5%
conversion of sulfur to sulfate serosol. The resulis represent
order-of-magnitude estimates of zonal mean maximum values
at 12 km and can be compared with background perosol
properties in the lowermost strafosphere as given in Table 3-1,
For these estimsies, 5% of the emitted sulfur dioxide is
assumed o be converted o sulfure sd before dispersal out of
the zonal region of maximuem air wraffic.

Tracer simulations strongly sugpest that aircralt emissions are
not the source of observed decadal H,D changes ot $I°N. The
simulation resulis can be scaled by EI[HAD) o provide an
upper hound (neglecting precipitation from the upper
troposphena) for the accomatlation of water vapor above the
Iropopawse a5 a result of gireraft emissions. The LLNL model
shows the largest tracer accumulation w1 407N, with equivalent
H,0 values smoothly decreasing from 55 ppby at 10 km to 12
ppbv at 24 km, These values are small in comparison to current
ambient values of 39 ppmv at 10-12 km and 4.2 ppmv at
22-24 km (Ohtmans and Hofmann, 1995), Assuming 5% vr!
growth in fuel consumption and EICH,0) of 1.23 kgkg, the
change in aircraft-produced HoO ranges from 3.4 ppby ! at
10 km 1w 0.8 ppbv yr' a1 24 km. These values represent a
change of +0.006% yr' ot 10 km and +0018% yri at 24 km
end are more than of 20 times smaller than those found in
long-term balloon observations (Oltmans and Hofmann,
1995).

2343 Supersonic Aircraft

The impact of o fubure flect of supersonic aircraft on sulfate
serosol abundance in the strafosphere has been discussed using
measurements and model results (Bekki and Pyle, 1993; Fahey
et al, 19950 Stolarskd of al., 1995, Weisenstein <¢ al., 906,
1998), The results suggest that aerosol surface arca density will
be substantially greater than nonvolcanic background values in
propesed fleet sceparics (Section 3.7 and Chapter 4). The
consequences for striospheric czone chonges depend on the
simulianeous emissions of nitrogen oxides and chlorine and
aerosol Ioadings of the atmesphere (Solomon ef al., 1997;
Welsenstein of al., 1998; see also Chapter 2).

338, Kool

The primary atmosphenc source of soof or black carbon particles
is combustion of fossil Meels and biomass burning at the Earth's
surface, with ol emission values near 12 Tg C yr! {Licusse
er al., 1996), This value excesds reasonable estimates of the
aireraft source of black corbon by several orders of magnitude
(Bekki, 1997}, For éxample, aircraft are estimoted to have
emitted 00015 to 0015 Tg C as soot into the atmosphere in
1992 [with Elisoot) of 001 10 0.1 g Ckg fuel] (Friedl, 1997;
Rahmees et al,, 1998). As in the cose of sulfate oerosol, deposition
and scavenging of black carbon near surface sources creates
lasge vertical gradients in the lower atmosphere, with soof
concentrations falling by 1 1o 2 onders of magnitude between
the surface and the lower stritosphere (Penmer ef al., 1992; Cooke
and Wilson, 1996; Liousse of al., 1996), A possible meteoritic
spiirce of sool in the lower strabosphere bas been considered bt
ia 50) well Guantified ot present (Chuan andWoods, 1984),

Few direct measurements of sool abundance are available in the
upper roposphere aid lower stralcsphers. The mosi extensive
measuremenls i these regions are from wircraft impactor
measurements (Pusschel of af, 1992, 1997; Blake and Eato,
1993). The accuracy of such measimements depends on knowledge
of the impactor for small soot particles, The resulis (Figore 3-10)
are conssdered o represent a lower limit for soof number and
mass because of size-seléctive sampling and because of
scavenging of sool by background aerosol particles, Features of
the measurements include a lorge grudient between the Northem
and Southern Hemispherss and large vanability with altitode at
aorthern mid-latinsdes. The large vertical variability of soot at
aorthern mid-latitudes canned be explained by the sccumalation
of sircraft sect emissions. With typical soot mess densitics
observed fo be approximately 1 ng m?, soot is estimated to
represent spprocimately ,01% of the stratospheric acrosol mass
(Pueschel er al., 1992}, In other sampling flights over southern
Cermany, messurements of absorbing mass {probably soof) at
B-12 km altimide and parly within cirmus clouds showed
concentrations sbove 10 ng mr?, with higher values comelazed
with locel wvistbon fuel consumption (Strim und Ohlsson, | 998).

Modeling studies of sool distribution in the upper troposphese
and lower stratosphere differ on the importince of aircraft
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Figure 3-10; Latitude ond altitude distribution of measered values of soot concentrations (BCA = black carbon aerosol) in
upper troposphere and lower stratosphere (in ng me?), Measurements were obtained berween November 1991 and April 1992
(Morthern Hemisphere) and between April and October 1994 (Southern Hemisphere} (adapied from Pocschel of al., 1997},

sources of sool. Some mode] simulations suggest that groand-level
sources of seof (12 Tg C yrel) are as important as pircmft sources in
the upper roposphere and predict maximom soot values there [2 (o
Sng m? in Liousse eral. (1996) and 10 to 50 ng m? in Cooke and
Wilson (19506} that exceed observed valves near 200 hFPa of
northern mid-latitudes {Pueschel er al, 19975, Other mode] results
shima that current aircrafi could be a noticeabls soarce of the soot
near the tropopanse at noctherm mid-latitudes (Bekks, 1997, Danilin
et gl 1998:; Rahmes of af., 1998). Tracer simulation resalts from
the AER. 2-D mode] (Saction 3.5.1) were multipliad by ERNsoot) of
04 pke foel (Dhipelbeoer, 1997 1o estimate the glohal dismbution
of soot. The results (Figure 3-117 show muximum vahees of (G ng
m* near 12 km st northern mid-Intitudes. These valises are in the
mikdle of the moge of ofher model results and are in the mnge of
observed values (Figure 3-10), However, because the flest-menn
El{&oat) & uncertuin and may mnge from 0001 00,1 gke fuel, the
effective mnge of the maximum in Fgure 3-11 50050 1.5 ngm?,
AL 20 km, fued trocer simulations show eircraft-mduced 2onal measn
soo0l perturbations io be approximakely 100 tmmes smuller than
maximum observed values (Figure 3-100,

Observations of soot in the wpper troposphere and lower
strutosphere are oo lmited 1o provide an estimate of any

long-term changes in soof concentrations in those regions, The
possible consequences of helerogeneous reactions on &00L
(Bekki, 1997; Lary ot af,, 1997) are discossed in Chapter 2,

334, Poler Strotospheric Clonds and Alreraft Emissions

During winter in the polar regions, low iemperatones bead o the
formation of polar stratospheric cloud (PSC) pamicles. which
contain H.50,, HNO,, and H,O {e.g., WM, 1995; Carclaw &1
af,, 1997: Petar, 1997), P5Cs sctivate chlorine, leading to
significant sepsomal oFone losses in the lower siratosphere,
particularly in the Southern Hemisphere (WMO, [995). PSC
formation may be enhanced by the atmospheric accamulation
of aircraft emissions of NO,, B0, and sulfate, a5 well as
through direct formation in aircraft plumes in polar regions
iSection 3.2 and Chapter 4). I aireraft emissions change the
frequency, abundance, or composition of PSCs, the aseociated
oeone koss may alio be modified (Peter e al., 1991; Amold of
al., 19492 Considime ot al,, 1994; Tie e of,, 1996, Del Negro er
al,, 1997}, The effects of subsonic aircraft emissions on PSCs
and stratospheric opome are expected to be smaller than those
of similar emissions from supersonic aircraft becawse subsonic



Aviatiom: Produced Asrovoli and Cloudinegss

emissions occur in the 10- 1 12-km region, whereas sapersonic
emissions will most likely oceur in the 15- o 20-km region,
Ambient lemperatures in the 10- o 12-km region are usually
too high (= 200 K} for PSCs to form with available H,0) and
HNOy, and oeone and total inorganic chlorine concentrations
are much lower than near 20 kem.

The impact of the subsonic fleet on PSC formation has not been
wiell stufied, The results of the fuel rucer simulation discussed
in Section 3.3.4 can be used 1 estimate the increase of PSC
SAD = a result of aircraft emissions of H,O and WO,
Assuming an EINH,0) of 1230 gkg, EIINO,) of 15 gz,
complet: conversion of NO, to HNO,, and formation of NAT
particles at threshold temperatures, AER model results for a
1992 subsonbc fleet show an ndditional eondensation of HNO,
on NAT particles ranging from 0.02 pphy at 60°N 1o 0.12 pphbv
at 85°N ar 20 km in January. These values provide on increase
of 0.08 pm* em-? tn PSC SAD at 20 km and 85°N, assuming a
unimodal distribution of PSC particles with dismeter of 1 jm,
The increase in spatinl extent of PSCx both vertically and
latimdinally is small in the model. PSC increases are very sensitive
to background temperature, H,O, and HNO; values and will
differ considerably among models. The increases are not likely
to significantly alter ozone changes in polar winter because the
SAD increases are much less than typical valves of 1-10 pm?
e caleulated for PSC evenrs, and satellite data observations
show that the probabality of PSC formation below 14 km in the
Arctic is generally very low (< 1%) (Poole and Piis, 1994).

An important caveat related to the assessment of additional
PSC formation as o resalt of aircraft emissions is that plame
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Figure 3-11: Latitade and altimde distribistion of annually
averaged incrense in soot mass density calenloted with the
AER 2-Dy model, assuming a 1992 aircraft fuel-use scenario
and a soot emission index of 0.04 g C'kg fuel. Contour vahses
are in ng m? {adapted from Weisenstein of ai., 1997).
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processes ane nol mcluded. Global models penerally assume
that aircraft emissions are homogeneously distribated in a
model grid box that is much larger than an aircraft plume. The
consequences of this assumption have not yet been fully
evalunted. In one model study, resctions on PSCs did not affect
ozone chemistry in a subsonic plume at northern mid-latitudes
in April (Dandilin er al., 1994). A forther cavear is that cstimaled
PSC changes from aircraft emissions have not accounted for
projected cooling of the stratosphere, which may enhance PSC
formatiom:

The chemical implications of increased PSC formation for
ogone chemistry and atmospheric composition are further
discussed in Chapler 2, The effects of future aircrafi fleets on
additional PSC formation and subsequent azone response are
presented in Chapler 4,

34,  Contrail Occurrence and Persistence

and Impact of Aircraft Exhaost on Cirrus

Aircraft cause visible changes in the atmosphere by forming
contrails that sepresent antificially induced cirrus clouds. The
conditions under which contrils form are discussed in Section
3,24, This section describes the formation, occurrence, and
properties of persistent contrails and how they compare with
midural cirmus,

341, Cirrus and Contraily

Corus clouds (Liow, 1986; Pruppacher and Klett, 1997 contain
mamly kce crystals (Weickmann, 1945). The distinctive propertics
of girrus and contrails derive from the physics of ice formation.
lce paricle nucleation occurs cither through homogencoas
nu leation (when pure water droplets or liquid asrosol particles
freeze) or through heterogeneous nucleation, when freezing of
the liquid is triggered by a solid particle or surface that is in
contact with the liquid or suspended within the liguid. Both
processes depend strongly on temperature and relative humidity
(Heymsficld and Miloshevich, 1995; see Section 3.2.4.2).

Comparisons of model simulutions with chservations suggest
that we may wiederstand homogeneous nucleation (Strim er al.,
1557 Jensen er af, 1998b) and are making headway in
understanding the potential contribution of heterogencous
nucleation (DeMott ee o, 1998; Rogers e al., 1998), Fach of
these freezing mechanisms requires that the atmosphere be
highly supersaturated with respect to the vapor pressure of ice
before crystals can form, For instance, supersaturations in
excess of 40-509 with respect 1o ice are needed for sulfuric
acid particles w freese homopencously (Tabaradeh e ai,
1997 at temperatares above 200 K. Observations of relative
humidity with respect to ice at the leading edges of wave
clouds are consistent with the requirement of large ice
supersaturations for nucleation of ice on the bulk of the
armospheric agrosol (Heymsficld er ol 1998a; Jensen e af,
1998c). Hence, there is a large supersaturation range in which
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heterngeneous nuckei could lead o cirms formathon before the
bulk of the atmospheric particles frecze (DeMott e af., 19973,
This peeential for heterogeneous moclel to cavse ice formation
Wl e supersaturations that are relatively low compared o
thaze nesded to freere sulfate particlss leads 1o concemn about
the role of aircraft exhoust in medifying ambient chmads
{lensen and Toon, 1997},

lce erystal number densities are limited by competinon
bebween moreasing safuration as a result of cooling in vertical
upctrafis andd decreasing saturation as a result of growth of e
crystals. The depletion of vapor as a result of growth of the first
few ice crystals nucleated prevents further ice nucleation on
the remaining purticles {Jensen and Toon, 1994). Once ice
crystals form and take up available water vapor, supersataration
declines and further nucleation of ice ceases. This selectivity
causes ice crystals in cimus to be larger relative to droplets in
biguid water-containing clouds —apart from differences in
salUration vapor pressures over ice compared o water, which
cagses more waler vapor (0 be available for deposition on
ice particles than on water droplets, Large ice particles may
precipitate rapidly, Many cirmus clouds have o “fuzzy” appearance
because rapid precipitation causes optically thin edges of
clouds 1w be diffuse, and precipitation allows particles to
sprcad i the wind, forming long tails of cloud. fce crystal
nucleation also depends on availuble acrvsol in the upper
troposphere, the properties of which are only poorly knewn
{5irdm and Heintzenberg, 1994, Podemmek er al., 1995; Sassen
er @l 1993, Schrider and Sirim, 1997). In some locations,
upper ropospheric particles are dominoted by sulfates {Yamato
and Ono, 1989; Sheridan v af,, 1994), However, more recent
data show that minerals, organic compounds, metals, and other
substances may often be present 1n significent quantities (Chen
er al., 199E; Talbor et al,, 1998),

Cirrus clouds occur mainly in the upper troposphers, The mean
tropopause altitade is abeut 16 km in the tropics and 10 km
(250 hPa) north of 45°W latmde (Hoinks, 1998}, The
tropopause temperature al northern mid-latitudes  varies
typically between —10 and -63°C; it may reach below -80°C in
the tropics. At mid-latitudes, the upper troposphere often is
humid epough for cirrus and persistent contrails to form. The
stratosphere is commaonly so dry that cimis (PSCs) aned persistent
comtrils form only in polar winger (for T>-60%C and p < 250 hPa,
a 1-ppmv H;O mixing ratio corresponds 1o less than 15%
relutive humidity). Ground-based observers report a mean cirmus
cover of 13% over occans and 23% over land (Warren er aif.,
1966, 1988), Satellite data (Wang ef af., 199%6; Wylie and
Menzel, 199%) identify lasger cloud cover (~40'%) by subvisible
ioptical depth t at 0.55 pm below ~0,03) and semi-trensparem
(0.1 = 7= 0.6) cirmas clouds. Cirrus clouds are typically 1.5 0.1
to 4} km thick; are centered at 9 (4 o 18) km alunsde; hove o
crystal concentration of 30 {10+ to 104} L%, with crystal lengths
of 250 ([ 1w S80K0) pm (see Dowling and Radke, 1990); and
have an oplical depth at 0.55 gm of about 0.3 (001 to 309
(Wylie and Menzel, 1999, These rypacal values of cirmus
erystal concentration and mean particle size may be biased by
early studics that failed 1o make adequate measurements of ice
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crystals smaller than about 50 gpm. More recent studies sugoest
that erystal concentrations in cirmus are often on the arder of
I (S5trim ef @i, 1%97; Schriider ef al., 1998k}, although
crystal concentrutions in wave clouds can exceed 10 cmed,
P5Cs (betwern the tropopause and ~=235-km altitode) and
noctilucent clowds (~80-km altitude} contain ice and might
therelore be moheded as very high altimde forms of cieus
clowds, Svstems of cirmos clouds have a lifetime that may reach
several hours or even days (Lodlam, 19800, but the lifetimes of
particles within clowds is much shomer,

Persistent contrail formafion requires air that is kce-supersaturated
{Brewer, 1946}, lce-supersaturated air is oficn froe of visible
chvuds (Sassen, 19975 because the supersnmration is too small
far e particle noclention to occur (Heymsficld e af ., 19985),
Supersaturied regions are expected to be quite common in te
upper troposphere (Ludlam, 1580). The presence of persistent
contrails demonstrates that the upper troposphere contains ais
that 15 ice-supersaturated but will mot form clowds unless initaned
by aircraft exhoust (Jensen ef gl 1%98a). Aircraft initiate contrail
formatiom by increasing the humidity within their exhaost
trails, whereas local atmospheric conditions govern the
subsequent evolution of contrail cirmus clowds. Indeed, the ice
mass m long-ksting contrails originates almost completzly
from ambient water vapor (Knollenberg, 1972).

lce-supersamrated air masses nre often formed when ice-
samurated air masses are lifted by ombient air motions. While
the air lifted, i may remain cloud-free ontil it is cooled
adiabatically 1o near-liquid saturation (Ludlam, 1980), Other
evidence for large supersaturation occurring in the upper
troposphere is provided by cimus fallstreaks that grow while
Talling through supersaturated air layers (Ludlam, 19800 and
by a few localized humidity messurements (Brewer, 1946;
Murphy et al., 1990; Ovarlez er al., 1997; Heymsfield er al.
1998k}, Recent humidity mensurements by commercial aircraft
show that-—in flights between Ewurope, North amd South
America, Africa, and Asin—14% of flight time was in air
miasses that were ice-supersaturated with a mean value of 15%
(Helten et al., 1998; Gierens or al.. 1999).

FA2 Cirrus and Comtrail Models

Small-scale, regional, and global models hove boen used o
smady carrus chowbs and contrudls. Small-scale models simolae
the details of cloud formation in o single parcel of air along
some defined rramciony (e g.. Jensen ef aif.. 199401, High-resolution
2-D models bave simalsed the dynamics and microphysics of
cirrus (Starr and Cox, 1985) and contrails (Gierens, [995:
Chiond, 1998). Regional and globul models describe the
large-scale dynamics of cloads with simpler representations of
microphysicel cloud prcesses [Sundgvist, 19%93; Lolmann
and Roeckmer, 199%; Fowler of al., 1996; Westphal er al.,
1996). Regional-scale (typically 10-km horizontal grid-scale)
and global-scale models are not able to resolve the vertical
medions and smeall-scile empernture and humidity flucheations
(Gierens ef al., 1997} that drve supersaturations involved in
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carmes nucleation, However, global models with prescnbed or 343, Confrail Ocenrrence
paramelenzed contrail cover have been useful for understiniding

the radiative impact of a change in cloud cover as a result of At plume ages between | min and 1 h, contrails grow misch
aircraft emissions (Ponater er al.. 19596). faster horizontally (1o severnl km width) than vertically (200 1o

Figure 3-12: Contrails over central Europe on 0943 UTC 4 May 19935, based on NOAA-12 AVHRRE satellite data ( from
Mannstein, 1997}
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4001 i), especially in highly sheared environmenis (Frevdenthnler
er al,, 1995, 1996; Sassen, 1997), Young contrails spread os o
result of turbulence created by aircraft vorices (Lewellen and
Lewellen, 19%6; Gerz er ol 1998; Jensen er al., 1998a.bg),
shear in the ambient wind field (Freudenihaler ef al. 1995;
Schumann er al., 1995; Dilrbeck and Gerz, 1996; Gierens, 1996,
and possibly radintively driven mixing (Jensen e af., 1993d),

Contrails often become wide and thick enpugh in indoce radiative
disturbances that are sufficient 1o be detectable in multispectral
satellite observations. They have been
observed at 1-km spatial resolution
with instroments such as the Advanced
Very High Resolution Radiometer
(AVHRR) on board Matienal Oceanic
and  Atmospheric  Administration
(MOAA) polar-erbiting satellites {eg.,
Lee, 198%) and at 4-km resolution in
the infrared with the Geostationary
Operationp]  Environmental Savelline
(GOES) (Minnis e al., 1%8a). The
AVHRER channels in the 11- w 12-pm
range (4 and 5) are panticularly swited
i detect thin ice clouds because of the
different emissivity of ice paricles in
this speciral range (King er al., 1992,
Minmis e al.. 1%98c). Figure 3-12
shows, for exaompbe, o mid-Europenn
scene denved from AVHER data in
these channels, combined with the
visibke chinnel 10 represent the surface.
for o doy when many line-shaped con-
trails were formed by beavy air tralfic
{Mannstein, 1997, The fgure shows
thit mircraft tmpgper comntrml cimus thne
evolves inbo cirmus clovds that are
much more exlensive in scale than the
initial contrails. Such spresd and
deformed contrail cimis can no longer
be distinguished from naturally occurring
cirrus, In Figure 3-12, confrails that
still have o line-shoped appearance
cover about 5% of the scene

Aged contrails often cannot be
distinguished from cimrus, which poses
an ohservidionsl problemn m detenmining
the fregquency and area of coverage by
contrails, An important exnmple of the
persistence of contrails and their evo-
lution Into more extensive cirmus s
shown in Figure 3-13, An initial oval
contrail observed m GORES-B salellie
images diffused s il was advecied
over California until it no longer
resembled its initial shape 3 h laer
(Minnmis er al., 1998a). The exhaps
from this single aircraft flyving for less
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than 1 b in o moist stmosphere cossed a cimus cloud that eventbually
coversd up to 4000 km? and losted for more than 6 h, Oiher
contrzils and contrail clusters were ohserved o develop oves perods
of Tto 17 h, spreading 1o cover arcas of 12000 0 35000 km?, Such
dispersed contruls are usoally indistinguishable Trome naturad
cirmus; hence, satellile detection algorithms based on the [mear
srructumes of young contmils will not delecy these dispersed contrls,

Al present, observations of actual frequency or arenl covernge
of Earth by contrails are limited 1o o few selected regions.

California

a) 2315 UTC

b 0045 LTC

ch 0145 UTC

d) 0245 UTC

Figure 3-13: Time series of GOES-8 sptellite images showing the evolution of a
contriil from an initial oval shepe 10 extensive cirmis clouds (from Minnis e al.,
19%8a). The NASMA DC-8 flew an oval fight patten several times off the coast of
Califormia on 12 May 1996 (a), resolting in o visible contril 15 minwes later (b).
Thizs contrail spread as it was advected over Califomia (), until it po longer
resembled its initial shape 3 hours later [d), Satellite photographs courtesy of

L. Nguven of AS&M, Inc., Hampton, VA, USA,
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Contrail frequency refers to the probability that a contrail will
b observed somewhere within the scene being viewed: area of
coverage refers o the fraction of the area of the scene in which
contrails are observed. Estimates of comtrail coverage or
oeourrence have been made directly or indirectly from surface
(Detwiler and Pratt, 1984; Minnis er @, 1997) and satellite
observations (Joseph er al, 1975; Corleton and Lamb, [986;
Lee, 1989 DeGrand er .. 19900); Schumann and Wendling,
oo Betancor-Gothe and Grossl, 1993; Bakun ef al., 1994;
Manastein ef @, 1999},

Data for the frequency of contrails are availoble from surface-
based obeervations of 19 locations across the continental United
Sutes of America for every howr during 1993-94 (Minnis e al.,
1597y, The datn indicate thot contrail frequency peaks around
FebruaryMarch and is st o minimum during July, Annual mean
persistent comirail frequency (not the cover) for the 19 sikes was
1 2%. When related to fuel use ond extended to the rermamder of
the country, menn annoal contrail frequency for the United
Smies of Amernica is estimated ot %% (Minnis er al, 1997), The
relatinnship between fuel consumption and contrudl frequency
froam this data set is shown in Figure 3-14. The cormelation
imnplizs thot contrail coverage is limited mainly by the number
of aireraft flights. not by atmospheric conditions at cruise altitudes,
Pilol flving over the former Soviet Union have reponied that
contrails occur most frequently in winter and spring and less
aften during summer (Mazin, 1996}, Sky photogruphs faken
fram IOR6 to 1'% over Salt Lake City, Utah, reveal a sensonal
cycle in contrail frequency, with a maximam in foll and winter
and a minimuem in July (Sassen. 1997). These data are similar to
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Figure 3-14: Correlation of mean unnual contrail frequency
and estimated May 1990 aircrafi fuel usage above T-km
altimde. Contrail frequencies are based on 1993 to 1904
bourly surface ohiervations from 19 stations in e United
Stmtes of Admerica (Minnis «f ail., 1997), The fit to the data
(golid line) i shown, B is the correlation coefficient.
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observations from o site 64 km north (Minnis et al., 1997 of
Salt Lake City. Sassen (1997) and Minnis et al. (1997) found
that contruils occur with cimus in approximately B0% of
obszrvations. The coincidence of cimus and contrails sugpests
that cloud-free supersaturated regions are usually interspersed
with nreas in which natural clouds have actunlly formed,

From an annlvsis of AVHER infrared images taken over the
portheast Atlontic and Europe, o mean contrail cover of 0.5%
wis derived for 197981 and 1989492 (Baknn of ai., 1994). A
distinet seosonal ovele was found, with o southward displacement
of the maximum cover during winter, Maximum coverage
(~2%) occurred during summer, centzred along the Morth
Atlantic air routes, Using AVHER channel 4 and 5 differences
and a patiem-recognition algorithm to differentiste line-shaped
clouds from fuzey cirrus clowds, the contrail cover— delined as
ling-shaped clowds over mid-Europe—was systematically
eviluated for all of 1996 using nearly all noon passages of the
NOAA-14 satellite (see Figure 3-15) (Mannstein of of,, 1999),
Contrails are nol uniformly distributed; instead, they lie along
ir eriffic cormidons and pocwmilate near upper air roule crossings,
As with ohservations over the United States and the former
Soviet Union, maximum coverage occurmed durmg winter and
spring. At noon on average over the vear, line-shaped contrils
cover phout 0.5% of the area of the mid-Buaropean region
shown in this figure, This coverage represents the lower Boamd
for the actual controil cover becase the alponthm cannol
identify non-line-shaped contrails, Contranl coverage al mght
over BEurope 15 one-third of the noon-time contrul cover
(Mannstein er ol , 1999],

Contraile often occur in clusters within regions that are cold
and humid enough to allow persistent contrails to form,
Controil clusters observed in satellite datn indicate that these
gir masses cover 10 to 204 of the orea over mid-Europe
(Mannstein er al., 1999} and parts of the United Stotes of
America (Carleton end Lamb, 1986; Trvis and Changnon,
1997, consistent with the froction of air masses expected to be
ke-supersamarated ot croise altitades, Hence, as air traffic
increases in these regions, persistent contrail coverage is also
expecied to increase. possibly up to o limit of 10-20%.

Estimutes of global coverage by air musses that are sufficiently
cold and homid for persistent contrails con be obtoined wsing
mizteorological analysis datn of temperatore and homidicy, o
mindel to estimate the frequency of ice-suturation in esch grid
cell sz 5 function of the analyzed relotive homidity, and the
Schmidt-Appleman criterion (depending on 1)) see Section
324.1) for contrail formation conditions. Using 11 vears of
mizteorological dats from the Ewropean Center for Medium
Range Weathes Forecast (ECMWEF), the cover of suitable air
miasses 5 found o be largest in the upper troposphere, especially
i thee trospics (global mean valoe of 6% ) (Sausen of af ., 1998,
This coverage is similar in size to the aren covered by clusters
af comtrails in satellite data and the freguency of ice-supersaturated
gir masses ohserved along commercial aireraft routes (Giencns
el al, 19905 The expected contrai] cover is then compated from
the product of the air mass coverage and the fuel comsumption
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Figure 3-15: Annuval mean corrected contrail coverage ai poon over mid-Eorope in 195946, as derived from AVHRE data from

the MOAA-14 satellite (from Mannstein e aif,, 199975,

rate in the same region, with the latter chosen as one of several
possible measures of air fmdfic. The product is scaled to give a
0.5% mean conmrail cover m the EuropeantAtlantic regeon
(AP o 30°E, 35 o 75°NM} as considered by Bakan ef al,
(194}, The resulting contrail cover (see Figure 3-16) for 1992
fuel emessions and 7 = 0.3 ks 0087% (about (.1%) in the global
mean. with a local maximum of 5% over the eastern United
alates of Amenica. The computed contrail coverage over
southeastemn Asin is only slightly smaller than that over Evrope
ancl Morth America. Although air traffic is moch less extensive
ovier southeastern Asia, this high contrail coverage may resull
because this region more often has ice-supersatarated air.
However, the predicted contrail coverage over Morth Americn
and southeastern Asia has not vet been venified by observations,
Predicied regaonal differences are sensitive to the represemation
of the number of gircraft in operation, For example, in some
regions, a large fuel consumption density is caused by o few
lnrpe aircraft (Gierens of af., 1998), Studies have not been
performed o evalunte the sccuracy of humidity walwes provided
by meteorological dita, The resulis depend linearly on scaling
by the cover observed in the reference region, as provided here
by Bakan er al, (1994), Other data imply global cover values
between .02 and 0.1% (Gierens of al., 1998). A valoe larger
than ©.1% (possibly 0.2%) cannot be excleded because the
amalysis uses only thermodynamic contrail formation conditions

and the scaling is based solely on ohserved line-shapad contrail
COVET,

Jd4.  Controil Properiics

The relutively small particles present in newly formed comtrails
serve o distinguish contrail rediative properties from those of
most naturald cirmus (Grassl, 1970 Ackerman eof al., 1998 see
alsn Section 3.6). Measurements of contrai] partcles with
imipsactors and optical probes (see nlso Section 3 2.4 and Table 3-1)
revenl a wide vanety of size, shape, and spactml size distmbutions.
The results depend on plume age, ambient humidity, ambieni
peroscl, and other parameders. At a plume age of 30 10 70 s, ice
partickes hove been found 1o form a single-mode log-normal
size distribution with & volume-equivalent redius in the mnge
of 0,02 to 10 gm, & mean radius of about 2 jpm, and meximom
dimension of 22 pm, Particle shapes ore mainly bexagonal
plates, nlong with columms and triangles. The axinl rtios of the
columns were found bo be less than 2, and the shapes of the
crystals were already established for particles of about 1-pm
radivs (Croodman ef al., 19%98), Contrail particle sizes increass
with time in humid air. Ice pamicles observed in 2-min-ald
contrails tvpically have madii of 2 to 5 pm with shapas that ame
almost sphenical, indhcating frozen solution droplets (Schrider
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et al,, 1998b). On the other hand, some contrail particles strongly
polarize light, indicating non-spherical shapes (Frendenthaler
et al., 1996; Sassen, 1997). After 10 min to | h, contrail particle
site distributions may range from 32 w0 100 ypm or even 75 gm
o 2 mm (Knollenberg, 1972; Strauss of af, 1997},

Particle properties within & contrail core differ from those at
the edges of the contrail. In the center of contrails, insufficient
Wwitker vapor is available 1o allow the large nomber of ice panicles
by grosw fo large crystals. At the edges, ice supersaturation is
greater, thereby sometimes allowing ice erystals o form up 10
M0 pm in dinmeter (Heymsfield et al., 19980). The larger
particles have various shapes, with the largess being bullet
rosettes (Lawson ef al., 1998). Such large particles are within
the natural varnbility of cirmus particle sizes. As a consequence,
old dispersed contrails appear to have particle sizes similar 1o
those in surrounding cirres (Duda of af., 1998 Minnis ef af.,
1998,

Aireraft create o large number of new ice crystals that grow
from ambient water vapor. As a contrail spreads, some evidence
suggests that ice crystals ane neither lost nor created in significant
numbers, In one remote-sensing study, the toml oumber of
particles (about 2.6 x 10° ice crystals per cm of contrail length)
in acontrail was found to remain constant as the controil dispersed
and the particle concentration (particles per unit volume)
dropped (Spinhime er ail, 1996). fn site messurements
(Schriuder ef al., 1998b) reveal 10 w 107 panticles larger than

k)

4.5-pm digmeter formed per cm of contrail length. In contrust,
changes in particks number will occor when some particles
eventually sediment out of the conteail and new particles sre
nucleated as a result of air motions induced by the contrail, The
ice water content of new contrails incresses with time 1o
excesd the amount of water emitted by the sircraft by more
than two orders of magnitude. However, the water comtent per
unit volume remained approximately constant in the case
observed by Spinhime er al, (1998). The optical depth of contrails
remains nearly constant during the first hour despite horizontal
sprending (Jager er al., 1998).

345, Impact of Aircraft Exhaust on Cirruy Clonds

and Kelated Properties

Ajreralt may perturb natural cirrus through the sddition of
waler vapor, sool, and sulfate particles and by inducing vertical
motsoes el turbulent mixing (Gierens and  Stribm,  1998).
Observations of cirmus coverage in certain regions have found
perturbations from anthropogenie aerosol [(Strim ef ol 1997},
Persistent contrails are often associsted with or embedded in
maturel cimus (Minnis ed al . 1997: Sassen, 19975, Such in-closd
contrails may be formed slightly above the Schmidt-Appleman
emperarire threshold becouse ambient ice particles that enter
the enging inlet increase the humidity in the exhaust plume
{Jensen er al., 1998a; Kircher o al., 19984). Some avidence
assnciates in-cloud contrails with regions of enhanced shsorbing
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Figure 3-16: Persistent contrail covernge (in % area cover) fior the 1992 aviation flaes, pssuming linear dependence on fuel
consumption and overall efficiency of propulsion 1) of 0.3. The global mean cover is 0,1% (from Sausen ef al., 1998),
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material and enhanced 0w crysial numvber densities {Strim: wnd
Ohlsson, 1998), The presence of HNO, moy incnease the
hygroscopic growth of supercooled cloud droplets (Laaksonen
et al., 19973, and HNO, dissolved in sulfate solution droplets
may change their freezing behavior. The importance of such
perturhations has ot been quantified.

Soot partickes originating from airorafi exhaost may acl as
freezing nuclel. [n an atmosphere with few freezing nucle , this
perturbation could lead o an expansion of cirmas cover, a
change in average particle size, and related changes o chosd
surfuce area and optical depth (Jensen and Toon, 1997 ) —hence
have consequences for radiative forcing (see Secton 3.6.5),
For aireraft to alter cirmus properties, exhoust particles would
need 1o be more efficient or more abandant than ice nucle
currently existing in the atmosphere. If the predominant particle
thal frecees 1o form oo comains subfate, aircroft soot could
serve as important ice nuclei becanse sulfate particles require o
relatively high supersamration before freezing occurs. Over the
central United States of America, hbowever, o3 many as (0.1 1o
03,2 cr? freezing nuclei (effective at -35°C) have been found in
the upper roposphcre (DeMott er al., 1998}, indicating that the
number of freezing mucled is pot always small. Some ohservations
show that aircraft exhaost does not contain large numbers of
ice nuclet active ar Emperatres above -35°C (Rogers et al.,
15908}, Soot and metals were found to be significant, bat nol
dominant, components of ice nuclei in contrails (Chen er af.,
1998: Petzold er al., 1998; Twohy and Gandnad, 19583,

Agrcrafl measerements in and near closds have indicated the
presence of light-ahsorbing material contained inside ioz orystals.
The distribution pattemn and the omount of measured absorbers
suggest that the material is related o aircraft soot (Strdm and
Ohlsson, 1998) (Figure 3-17). For the same abundance of
aerosol particles, clouds perturbed by absorbing material
contned 1.6 w0 2.8 times more ice crystals thon unperturbed
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portions of clouds, These observations suggest that airerafi-
produced particles enbance cloud ice particle concentrations,
although they have not revealed the physical mechanism
imviolved, Specifically, exhaust soot particles may have been
mvolved in ice crystal formation within the cirmes or formed
contrall jce paricles within the exhaust plume before being
incorporated into the cloud. These observations are roughly
comaistent with caleulations of & cimus cloud fomming in a
region of recent exhanst mrails (Jensen and Toon, 1%97),

Cirrus clowds may also be perturbed by enhanced sulfate
perosol, Small sulfate particles (e.g., 10-nm rdivs) are unlikely
to be jce nucle or clond condensation nuclei. Larger particles
would be more efficient. Such large particles may originate as
ambient sulfate particles enlarged by growth from sulfur gases
emitted by aircraft or by processing of liquid exhanst particles
i short-lived coarrails (see Section 3.2), Becmese e nucleation
processes tend 1o be self-limiting (Jensen and Toon, 1994},
cirmus clowd properties would change only slightly if the sumber
of sulfute particles increased while the size distnbution and
composition of ambient sulfate particles remained constant, On
the other hand, large sulfate particles—such as those induced
by the M. Pinatubo voleanic cloud —could lead to a significant
increase in the number of ice crvstals, optical depth, ond rediative
forcing of cirus clouds (Jensen and Toon, 1992}, Clowd
medifications would require a large increase in the number of
larger solfate particles; soch modifications would ocour
primirily in cirrus that were very cold (T =< -50°C) and weakly
forced by slow updrafis. Lidar observations of a cimms clowd
embedded in asrosol from the Mi. Pinowbo eruption show
significantly higher than normal ice crystal concentrutions
{Sassen, 1992, Sassen er @f., 1995). Satellite dan analyzed
after the Mt Pinatubo emaption suggest that the wolcanic
persol reduced the occurrence of cirms clouwds with high
extinctiom coefficients, increased the occumence of clowds with
low extinction coeificeents, and increased extinction in optically
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Figure 3-17: Time series of ice crystal concentration (N, thick line) and concentration of light-absorbing muterinl contuined
n bee erystals (&, shaded area) for a Might through a crrus layer in a region with heavy air traffic (adapted from Strim and

(ihiszon, 199K).
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thick clouds (Minnis ef al., 1993, Wang o @/, 1995}, Hence,
some available models and data suggest that aircraft exhavsi
could play a significant role in modifying the properties of clouds
However, the magnitade and natere of these modifications are mol
well upderstood.,

Sedimentation of larpe particles in persistent contrails may
pemnye waler vapor from the upper toposphere, possibly reducing
radiative heating by water vapor, and cause seeding of lower
Tevel clonds (Murceay, 1970; Knollenberg, 1972), Sedimentation
of ice crystals, which has been observed occasionally (Konrad
and Howard, 1974; Schumann, 1994; Heymsfield of al_, 19984},
becomes important only in strongly supersaturated air (Haof and
Alheit, 1997 when large ice crystals form and have the potential
1 fall through lower-lying saturged air an which they will not
eviaporate readily. Because no atempts have been made o
guantify the precipitation mte from contrails, the significance of
this precipitation hos not been assessed.

35, Long-Term Changes in Observed Cloudiness

and Cloud-Related Parameters

Contrails have long been considersd possihle modifiers of
regional climate (Murcray, 1970; Changnen, 1981}, Contrails
may incresse total cloud and cimus cloud amounis, and
conseguently change the Earth's rudiation bulance, As a result,
surface and upper tropospheric tempersiures may change
(Detwiler, 1983; Frankel er al., 1997}, In the following sections,
we examing changes in cloudiness and other climae parameters
for their possible relationship to pircrft operations, Some data
incicate changes in observed cimus cloodiness, These observations
wre used to provide a first estimate of an wpper bound on the
inerease in contrail-cirmus coverage sinece the beginnmg of the
jet air traffic era. Limitations in attributing observed trends bo
adrerall are discussed in Section 35,5,

AS50.  Changes in the Qcenrrence
and Cover of Cirrus Clouds
3500, Surfuce Qbservarions

Adthough most studies repoming trends in cloud cover have
considered total cloud cover {Henderson-Sellers, 1989, 1992,
Angell, 1990; Plantico et al., 1990; Kar er al,, 1993), we focus
here on shudies reporming trends in cimus clood cover, which s
more relevant o the issue of aviation effects on cloudiness,
Ohservations at Hohenpeissenberg, Germany, indicate that the
frequency of high clowds during sunny bours incressed from
45% in 1934 1 0% in 1995 (Vandersze. 1997 Winkler ef al.,
15473, Such large changes are not atypicel of regional closd
clhimatologies {e.g., Rebetez and Benpiston, 1998), Over the
same period, global radiation during sunshine hours decreased
by about 10K%, indicating that the chserved cloud trend is not
an artifect. Similarly, cirrus frequency increased between 1964
and 1990 under cloudy-with-sun conditions by 27% over
Hamburg and 15% over Hobhenpeissenberg (in northern and
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southerm Germany, respectively) (Liepert ef al,, 1994; Licpert,
1997}, These changes are not directly attributable fo nircrafi,
however, instead, they might be caused by on increase in
tropopanse altitude or higher relative humidity in the upper
troposphere (Winkler ef al,, 19%97), Cirrus cover over Salt Lake
City and Denver has increased from about 12% annual mean
cover in 20% in the period from the early 1960s {i.e,, since the
beginning of the jet aircraft era) to the 1980s, possibly because
of increased air traffic over those cities. These trends are
slgnificantly lower in the 19905, and similar observitions over
Chicago and San Francisco show no obviows trends (Liouw ef
al,, 19940; Frankel er al., 1997},

Global trends of observed total and cirmus cover can be
deduced from ground-based cloud observations over land and
ocean (Warren of af .. 1986, 19ER: Hahn of al., 1994 1996) fof
1971-91. For the period 198291, mean global trends in cirms
ocourrence frequency were 1.7 aml 6.2% per decade over land
and ocean, respectively (Boucher, 1999), The decadal trend
was 5 6% over Morth America and 12.3% over the heavy aif
traffic region located in the morthesstern United States of
America, The computed averige change m Cimuis OCCUTeEnce
(198791 relative io 1982-868) as o function of aviation fuel use
af the obscrvation locations is shown in Figure 3-18, The
results indicate a statistically significant (97% confidence
level} increase in cimus occurrence in the North Atlantic flight
corridor compared with the rest of the Morth Atlantic Ocean
{Boucher, 1994, 1999),
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Figure 3-18: Cleange in cimmus occwrrence frequency between
19871991 and 1982-1986 {in %) compuizd from surfoce
observadions over the Morth Atlantic Ocean averaged over
grid boxes with fuel consumption above B km greater than
indicaned on the x-axis (open circles). Dato are from surfoce
obhservations of Hahn e al. | 1996) and are averaged over
3°x3° grid boxes in the region 99°W io 21°E, 0°N o 727N of
the Atlantic Ocean. Only cloud reports setisfying the
illuminance criterion defined by Hahn er al. (1995 are
neloded in the statstics. The bald line indicates the number
of grid boxes wsed for the average (adapted from Boucher,
1955,
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From the same source of observations, cirmus cover was analvaed
fir the peciods 197181 and 1%82-01 ond for o combined data set
extending from 1971-92 (Minnic #f al., 1998h). Dats were
averaged for pross air traffic regions (ATRe) and the rest of the
globe. ATRS are rectangolor prens on the globe thot contain most
atr traffic routes and constitute 265 of the availoble regions with
data. The ATR trends are lurger for cirmus chouds than for total
cloadiness and are most significant in the first period (1971810,
with the lorgest annual values found in the United States of
Americs (3% ), western Asia (1.6%), and the North Pacific (1.7%).
Mo significant ATR tremds were found over Europe. Changes
for thie rest of the rlobe were sipnificont only over land but with
valmes less than those over the United States of Amenca amd
western Asia. Averaged over all ATRs, the cimus cover increase
between 1971 and 1981 amounts 1o 1.5% per decade. compared
with 0.1% for the rest of the globe. From 1982-91. cirmus cover
increased over oll areas except over non-ATHR lund and Maorth
Atlantic regioms, where it changed by 04 and 0%, respectively,

The combined 1971-92 cimmus cover dotn set shows somewhat
different results from the two seporate data sets. The mean trend
for lond was 0% per decade for ATRs, compared to -1.1% per
decade for other land megions. Over the United States of
America, bowever, the ATR trend i significant at 12% per
decade, Over oceans, the mean ATR trend is 1.2% per decode
ard (LG6% per decade over the rest of the oceans. The Pacific
ATR trend s strongest, at | 5% per decade, Averoging of apparent
trends fromm the twa seporate datn sets gives results that differ
from the mean trends in the combined dotu set. However, the
relative difference in the mean trends betwsen the ATR regions
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and the rest of the globe is roughly 1.1% in both cases, indicating,
that cirmes coverape in arcas with significant wir traffic i=
increasing relative to that over the rempinder of the globe,

Ulsing prownd-hosed dotn sets, Figure 3-19 shows the seasonal
trends in cirmus covernge over the United States of Ametcan ond
Euwrope. The avenge trend of the two separmite datn sets i comipared
with the seasonal cyvele of contmil occurrence frequency over the
United States of America and cover over Ewrope. Contrail
occurrence over the United Swees of America was derived from
| year of surface station observations (Minnis ¢f al., 1997);,
contrail coverape over mid-Europe wis compubed from sabellin
dintn (Momnstein ot al., 1999, Ower the United Stmtes of America,
ther seasomal trends in cirmes covernge (statistically significant at
lznst ot the 75% confidence level) are rouphly in phose with the
seasonal cycle of contrail occurrence (see Figure 3-1%a),
sugpesting that cirrus changes are reloted to contrail oceurrence.
In contrast, the sepsonn] cycle of cimes cover trends For Europe
does not resemble the seasonnl cycle of contrmil cover (see
Figure 3-19h). The European dats, which wre not stotistically
significant, show that the trends observed for the United States
of America are not so obvious for other air traffic regions.

3512, ISCCOP Obzervations

Data from the Interpotional Satellite Cloud Climatology
Project (ISCCP, C2) (Rossew and Schiffer, 1991) between
5075 and T0°N from 1984 to 19940 have also been inspected for
trends in total and high cloud cover over land and ocean

Clrrus Trend | %/decade)
Contrnil-Clound Amount { %)
=
T

Figure 3-1% Observed monthly varistion of contrail occurrence frequency (solid squares) and seasonal trends of cirmus cover
(open circles) for (a) the United States of America (%/yr) and (b) Europe (%/decade). Contrail data from the United States of
America are based on surface observations of contrail frequencies in 1993-1994 (Minnis & ai., 1997). The mid-Europe contruil
duta are derived from satellite asalysis of line-shaped contrail cover for 1996 (Mannstein ef al.. 1999). Seasonal mean trends of
observed fractionzl cirrus cover in the time period 1971 to 1991 are mean values derived from separute data sets for 1971 o
1962 (Warren er al., 1986) and 1982 10 1991 (Hahn of al., 1996). Error bars indicate the standard error of the computed trends
(from Minnis e al., 1998h),
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Table 3-5: Computed trend values and differences of trend values in clreasfhigh clowd amosnts (% of Earth surface cover per
decade) from surface and IBOCP sarellife dara sets daben bepween 1971 and 1990 for reglons categorized ax having = mean
vl of contrall coverage less than and grearer than 0 5% a5 computed by Sawven et al, (1998] for 1992 alreraft operations
(Minnis et al,, 19985 ], DNfferences in irends between condrall cover regions are shown ax “trend difference™ valies, The last rwe
rowy (Global ISOCP, Global Surface ) indicare global (ocean + land) trends in respeciive dota seis. The time periody of the duin
gets pre aleo ndicaled, Statistical signiffcance refers o level of confidence in difference between frends for the fwo reglons. An
asteriod tndicetes insufficlent resolation for analvals, Dashes Indicate o confldence level less than 95%.

Trend (% per decade) in Reglons Statistical

with Computed Contrall Cover Trend Difference  Signiflcance of

Periond < (L.5% = 05% (% per decade) Difference (%)
Ocean from 1SCCP [ DE=—0) 4.3 59 1.6 —
Land from ISCCP | DE<—0 2 4.7 s Q5
Ocean from surface 1971-El " . s
Land from surface 1971-E1 03] 2.1 23 o
Ocean from surface 98201 0.22 L. .78 —
Land from surface 19E2-41 -0 .95 0.9 —
Ocean from surfasce 197132 0.75 .24 -0.51 —
Land from surface 197192 -1.5 .10 1.6 o
Global 1SCCP 196400 32 52 19 o0
Global surface 19840 .0 1.0 1.0 —

regions [Minnis er ., 1998k}, The rends are sirnilar to those
found in the 19682-91 surface observationg, though detadls differ,
Owver all land areas, total cloodiness decreased by 0.5% per
decade; high clowd cover grew at a rate of | 2% per decade.
Owver the United States of America, wial cloudiness decreased
by 2.3% per decade, but high clowd cover increased by 53%
per decade, The trends over Evrope were of the same sign but
half the magnitude, Over Asia, total cloud cover increased by
48% per decade, and high cloudiness grew by 2.7% per
decade. Thus, the satellite data suggest a relatively stronger
increase in cirrus over the United Swuses of America than
surface observations suggest, Over ocean, otal cloudiness
decreased by 1.2% per decade, whereas high clowd cover was
enhanced by 3.7% per decade overall, Some of the discrepancics
begween the satellive and surface data may origisate from the
different spatial sumpling patterns, calibration, and ot deilt
Esues pecsliar o the sielliee daa (Klein and Hartmaon, 1993,
Brest er al, 1997) The samellite covers all regions almost
equally, whereas surface observations are from fixed inhabised
lexcations or from well-raveled ship routes,

Further analysis of the ISCCP satellite and the surface data sets
wits underiaken o isolate and quantify the effects of contrails
(Minnis o al,, 1998b), The apparent trends were calculated
separutely for regioms having a mean value of contrail coverage
less than and greater than 0.5% as computed by Sausen ef ol
(1998% for 1992 aircraflt operations (see Section 3.4.3). The
mean values of the computed contrail coverage in the two
regions are 0,04 and 1.4%, respectively (Figure 316}, Satellitz
data and surfuce observations show larger increases in cirrus

cloudiness where contrails are expected o occur most
frequently than in all other areas (Table 3-5). Sarellite data
show that, over land, the increase in high clondiness in contrail
regions was almost four times that in other arsas, Over ocean,
the difference, though less significant séatistically, amounts 1o
4 differentinl increase of 1.6% cover per decade in contrail
areas with respect to non-contrail areas. Cirrus trends over
contrail regions as derived from surface observations are 0.8 to
2.3% per decade greater than those in the remainder of the
glebe far the two penods fram 1971-92. The single 1971-92
surface data set shows a significant increase (1L6%) in cimus
over lund contrail regions companed o remaining land areas,
Owver oceans, the relative difference 1s negative bul insignificant
because of the small number of samples and lurge varance,
Although the differences in these tremds are significant at
confidence levels of 95% ealy for the luwd and global ISCCP
data and the 197 1-81 land surface data, they show comsisient
lendencies,

35013 HIRS Cbservations

High-Resolution Infrared Radiation Soander (HIRS) data from
MOAA satellitzs have been analyzed for the period June 1989
o February 1997 o determine toml and high cloud cover
(Wylie and Menzel, 1999). Duning this period, high clouds
observed by the NOAA-10 and -12 saellites increased by
4-5% over land and ocean in the Northern Hemisphere (from
23 o 65°N) buat only by about 2% in the tropics. High clouds
increased by about 3% over southern mid-latitude oceans. The
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trend values miemed from the NOAA-11 and - 14 satellites are
different and somewhst more uncenzin becanse of ok drift,
Owver poeans, they also indicate a larger high cloud increase in
northem mid-latitudes (3.3%) than over the tropics (-0.4%),
Further analysis of HIRS data is required o determine the
extent of any contrail fmpact.

I5.04. SAGE Ohrervations

Data from the Stratospheric Aerosol and Gas Experiment
(SAGE) I satellite instrument indicate that the frequency of
subvisible cirrus chouds near 45°N is twice that at 45°8 (Wang
et al., 19%96), Aviation, as well as hemispheric differences in
atmospheric conditions and background aerosol (Chiou ot al.,
1997; Rosen ef &f,, 1997), may contribute to such differences
(Sausen eral., 1998,

3513, Upper Bound for Aviation-Induced Changex
in Cirras Clouds

The ling-shaped contrail cover and global extrapolation
described 0 Section 343 (sze Figure 3-16, Sausen o af.,
1998} provide only” a lower bound for aviation-induced
changes in cirmus cloud cover because they are based on satellie
observations that identily ealy contrails and additional cirrus
clouds that are line-shaped. Although estimates of an upper
bound of aviaton-induced cimus cover have nof vel hesn
estahlished, evidence for a correlation of long-term incremses
in cirras cloudingss with air raffic has been published (Lioo et
al., 1990, Frankel et al., 1997; Boacher, 1998, 1999), Here,
ohservations of clondiness changes described above are used o
provide a preliminary estimate of this upper bound.

Differences in trends derived from observations indicate o
SIFOAger msin increase of cirmus amounts in regions with kage
computed contruil cover than im regions with low computed contrail
cover, at beast over land {see Teble 3-5). The trend difference
values vary and are of different statistical significances. The values
are considered more meaningful over land because these is Jess
air traffic over the oceans. Of regions with large computed
cantrail cover, omly 14% occurs over oceans, and meost of thess
regions ocour pesr the consts, In sddition, less correlation s
expectad betwesn computed and observable contrail cover over
oceans because actual flight tmcks ofien deviae significanthy
from idcalized great-circle routes. Ower land, surface-based
obscrvations for 1971<E1 suggest a differential incresse in cirmes
cover of 2.3% per decade. The 1982-91 wend difference is
smaller but still positive, and the combined 22-year rend difference
i5 1.6% per decade. The 7 yeurs of ISOCP satcllite data suggest
even larger wend differences, both globally and aver land. 1f
a trend difference of 1.6% per decade is adopred as most
representative of evailable data, and if that rend i assumed o
have persisted for the 3 decades since the beginning of the jet
gircrafl era {the end of the 19605, then the coment incresse i
cimus soverage from aircrafl s 4.8% in areas with contrail cover
greater than 0.5%. This value is about three times the currently
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compuled linear-contrail cover of 1.4% e these aress ond is
ecpuisilent to abowt 0.3% coverage of the Earth's surfoce, 1.2%
e than for line-shaped contrails. IT no counteracting process
fonk place that reduced closdiness over this same period, this
value gives on upper bound for eotal aviation-induced cloudiness,

152, Changes in Oiher Climate Parameters

A521.  Sunshine Duration and Surface Badiarion
Ceservations from 100 stations over the United States of America
showed thut the mean value for otal elowd cover over the vears
197088 increased by 2.0+ 1.3% relative to the years 1950-68
CAngell, 19503}, Sunshine duration decreased by only D8 £ 1.2%,
presumably because cirmus clouds are often too thin o0 redoce
measured sunshine duration. Sunshine duration decrensed by
an aversge of 3.7% per decade over Germany betwezn 1953
and 1989 {Liepar er al, 1994, Contrails were estimated 1o be
insufficient o account for the dimipished sunshine, In on
analysis of radiastion trends in Germany from 1964 w0 1990,
solar radiation during cloudy periods with sun decreased
sirongly (by 20 1w 80'W m-2) (Liepen, 1997}, The change might
be attributuble to nircraft, bur the strong reduction in diffuse
radiation revealed a more webid atmosphere, which cannot be
explained by increasing cirmus coverage alone,

3522, Temperahire

A substantial decrease in diurnal surface temperoture ranse
(DTR) has been observed an all continents (Karl ¢ al,, 1084;
Bebetez and Beniston, 1998, The reasons for this decrease are
not clear; it could be coused by & change in serosol burden,
clovd amount, cloud ceiling beight (Hansen o al., 1995), aoil
muaisture, or absorption of solor radiation by increased water
vapor in the atmosphere (Roeckner er al., 1998). A weak
correlation was found between contrail occurrence data and
TR over the United States of America (DeGrand er al,, 1990,
Travis and Changnon, 1997), The relationship was strongest
during the summer and suwtumn and most significant over the
southwestern United States of America. Rebetez and Beniston
(1998} find large DTR trends in the Swiss Alps (o region with
heevy mir traffic) in cormelation with low-level clonds bur no
reduction of DTR a1 higher elevation sites, contradicting a
potential major impact on DTE from avintgon-induced clris.

From data taken between 1901 and 1977 over the midwestermn
United States of America, increnses of moderated temperatures
(below average maximum and above avernge minimom),
decreases in sunshine and clear davs, and shifts in cloud cover,
occurred after 1960 these changes wers concentrated in the
matin egst-west air coridor (Changnon, 19E1 ), There are, however,
many rezsons for changes in global mean surface temperatures
since IS8 (Halpert and Ball, 1997}, The maximum increase
in tropospheric iemperatures occurred ot northern mid-latitodes
in the lower troposphere (Tett of al, 1996; Parker f ai., 1997).
However, radiative transfer models predict maximom heating
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rates right below contrails and cirmis in the upper troposphers
(Lioa, 1986; Section 3.6). Studies using a full-feedback plobal
circulntion model (GOM ) indicate a nenrly constant meranse m
termperature with altinsde for om imcrease m b cirmus clondmess
(Honsen ef ., 1997}, Thus, existing studies do not suppart the
conclusion that pircraft-induced contrails and cloudiness
caused changes in global troposphenc temperatures,

3A3.  Limiraions in Observed Clinmate Changes

The observotions cited nbove suggest thot some of the appurent
tremds inobserved cimmus cloudiness and sunshine duration may
be caused by wir traffic. However, any observed change in cirmus
cloudiness or climatic conditions may have other natural or
anthropogenic causes (IPOC, 1996), Natural vansbiliy
includes the Bl Nifio Southern Oscillation {ENSO0), the North
Atlantic Oscillation (NAD), and the Pacific MNorth America
patiern (FNA}, For example, the NAD index increased overall
from the mid-1960s until 1945 (Humell, 19%5; Halpert and
Bell, 1997). However, there is no evident trend in the NAD
index (Horrell, 19%5) and meun position of the Teelamd low
(Kopula er ai,, 1998; Michel o of, 1998) over the penod
195291 when significont increnses in cirmus sccumence and
cirrus amount were observed over the North Atdantic Ocean
(Boucher, 1998, 1999, Changes in ¢imus amd subsegquent
changes in sunshine duration may reflect changes in cyclomic
activity (Weber, 1990}, ocenn surface temperatune and relsted
atmospheric dymamics (Willace of af,, 1995), opper troposphere
temperature and relative homedity, tropopaose  altitude
(Hoinka, 1%, Steinbrecht et al., 1%9E), or valcanic effects
(Minnis eral., 1993 ) —or they moy be o result of global climate
change caused by increased greenhouse pases. Changes
anthropogenic or notural emissions of aerosol or nerosol
precursors at the ground might also mfloence cimes cloud
formation (Plantico e af., 199M); Honsen eof al., 1986;
Hasselmann, 1997). Cirrus trend values deduced from surface
nbservutions may also be influenced by o variety of issues. For
exampls, reported cirmos frequencies depend in an unknown
manner on how observers clossify contruils ns cirmas. Relinble
cloud observations are obtnined moinly during daytime penods
(Hahn er al.. 1995), which do not always correlate with the
main air troffic periods. The significance of the statistical
relationship betwesn cload changes and air traffic is limited
because of the lmited duration of satellite and surface cloud
observations and the briel period of aircraft emissions in
comparison o0 long-term climate variations. Thus, existing
stsdies ore not complete enough to conclude that aircrafi-
induced contrnils and cloudiness hove coused observoble
chinges in surface and ooposphenic emperatures or other climate
parameters.

34,  Radiative Properties of Aerosols,

Contrails, and Cirrus Clouds

Ajrcraft emissions have an impact on the Eanth’s radiation budget
and climate through direct and indirect changes n aerosols and
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clowdiness. Recent climate assessments have siressed the
importance of nwural and anthropogenic changes in agroscls
on direct radintive forcing (Charlson et al, 1990 Schwans,
1996, Aerosols and confroils have direct effects (scatanng
and absorbing solar and longwave radiaton) and indirect
effects (madifying the formaton of closd perhicles and radetive
properhies of cloods |, Seversl stuchies have sdinessad the darect
impuct of contrails {eg., Detwiler and Pratt, 1984; Grassl,
1950, Liou ef af, 1990; Sassen, 1997, The indirect effect of
contruils has not et been mvestigated in detwil, The direct
mchintive impacts of aircraft soot emissions (Poeeschel ot af,
1992, 1997 and sulfate serosol have been evaluated 25 being
small (Friedl, 1997, Brusseur of @, 19981, The indirect rmdiacive
effect of aircroft-induced aerosods on clouds s essentially
unknown. In fact, the indirect radistive effect of non-aviation
aerosal has besn studied for liguid water clouds (TPCC, 19946),
but the indirect effect of changing cirmus s not yet known
either. Here, the discussion focuses on the impact of aircraft-
generated acrosol and that of contruls and changed cirmus closds,

Radiative forcing is defined us the pet nchiative fox change o
some bevel in the atmosphere caloulated in response o oa
perturbistion, such as a change in clowd cover. The defimtion of
rachiative forcing used bere s the “mstanianeous™ or “stanc”
Mux chimge at the g of the atmosphere (TOAS (IPOC, 1996)
(see Chapler 6). A positive net [ux change représents an energy
gain, hence & net heasting of the Earth svsiem.

FA.0,  Direct Rediefive Impact of Avrosols

The direct rediative impact of wircraft-indoced asrosol is
mugh smaller thon that of volcanic stratospheric or regionnl
troposphenic aeroscl and smaller thon other aircrafi-inducead
mdiative forcing valoes (see Chapter 6}, Eadiative forcing by
ferozol depends on many parameters (Hoywood and
Bamaswamy, 1995}, For aerosol in the size range 0.1 to | gm,
the increase in solar reflectonce (lbedo effect] exceeds the
trupping of termestrinl mdistion {gresnhouse effect), cousing &
surface cooling (Lacis ef af,, 1992, Minnis ef @f.. 1993; Minnis
gl 19980 ), Adrcraft-induced aerosols could hove an importance
similar to that of natural stratospheric asmosol variations if their
optical depth in the solar range were of comparable magnitade
te that of nofural strutospheric perosol. The optical depth of
aerasol & propaortional o its column load. The maximmm
zonally averaged column load from scot emissions and
aircrafi-induced sulfuric acid is estimated (see Section 33) o
be less than 1 and & ng cor?, respectively. Small sulfuric acid
partcles are nonabsorbent but scatter strongly in the shommwave
spectrum, with mass scatiering efficiencies of 7 (4—10) m? g+
in the solar rnnge depending on relative humidity {Bowcher and
Apderson, ['995; Lacis and Mishchenkeo, 1995). 500t is a strong
absocher of solar energy, with mass extinction coefficients of
about 10 m? g-! (Pueschel o al, 1992: Penner, 19935; Peczold
and Schroder, 1998}, As a consequence of the product of given
column load and extinction efficiency, the maximum change in
zonal-mean optical depth from aircraft soot and sulfate sercsol
is bess than 4 x 10, For comparison, the solar optical depth of
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stratospheric acrose] vanes typacally between 00005 and 0015,
depending on volcanic serosol loading (Sato & al., 1993).
Regicnally, within the main flight comidors, & particls concentration
change of approximately 30 cme® at 0.1-ym mean diameter
ower o verticn] laver of 2 km cannot be ruled out (Schumanm ef
al, 1996; Froedl], 1997; Schlager er al., 1997}, implying a mass
load on the onder of 10 ng cm® and a solar optical depth of
aboumt (W], This regionnl change is small compared with
other regional vonations. Tropospheric aerosol layers with
aptical depth ot 0.1 o 0.5 ocour frequently off the coasts of
Morth America and Europe (Russell eral ., 19497).

A62,  Radiative Properties of Cirrus Clowds

Contruils are jce clouds with rmdutive effects similar to thin
cirrus clowd layers (Liou, 1986; Raschke e af., 1998). At the
TOA, thin lavers of cimus ¢louds or contrails tend to enhance
radiative forcing and hence the greenhovse effect because they
cause only a small reduction of the downward solar flux but
have relatively larger impact on the upward temmestrial mdiative
Mus, An increase in clowd cover by thin cimus clouds may
therefore cause an meresse in the pet energy gain of the planet
(Stephens and Webster, 1981; Fu and Liow, 1993}, Contrails
ad cimus clouds alsebave an impact on the mdistive energy
budger ar the Earth’s surface. Although radiative forcing at the
TOA i8 most imponant for fong-term and global climate
changes, forcing i the surface may have short-term regional
CONSequences,

Longwave (LW) raditive forcing by cimus or contrails is
greatest when clear-sky ridistive flux to space is lage {ic.,
larger over warm than over cool surfaces, larger in & dry than
in & humid atmosphere) and clowd emissivity is large (Ebert
and Curry, 1992 Fu and Liou, 1993}, For thin clouds, emissivity
increases with e water path, which is the product of the icc
water content (IWC) of the clowd ond its geometrical depth.
The emissivity of ice particles i o cirmes layer is much larger,
in particular at 8 1o 12 pm (King er af,, 1992; Minnis ef al.,
1998c}, than that of the same amount of water in gascous form.
Hence, absorption and emission from an atmospheric layer
increase when ice particles form at the expense of ombient
water vapor (Detwiber, 1983; Meerkitter o al., 1999},

Shortwave (3W) mditive forcing of cirrus clouds is determined
mainly by solar zenith angle, surface albedo, and cloud optical
depth (which increases with ice water path) (Ebert and Curry,
1992; Plaw, 19971, For fised ice water path, clobds containing
smaller particles have larger optical depth and exhibit larger
solor albedo (Twomey, 1977, Hetancor-Ciothe and Grassl,
1993}, Aspherical particles cause a larger albedo than spherical
ones (Kinne and Liou, 1989, Gayes of al., 1998), W forcing is
negative when the cloud causes an increase of sysiem albedo.
In general, SW forcing has a greater magnitude over dark
surfaces than over bright surfaces,

The net radiative forcing of clouds is the sum of 5W and LW
flux changes and may be positive or negative. Thin cirrus
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chonds canse a small but positive radiative Torcing an the TOWA;
thick cimus clouds may cause coaling | Stephens and Webster,
1981: Fo and Liown, 1993% In the ghobal mean, an increase in
cimus cloud cover warms the Earh's surface (Hansen or af,,
199 7). Maximum heating s reached ab intermediate ioe water
path. corresponding o an optical depth of ahout 2 1o 3, and the
effect shifts to small cooling for optical depths greater than
about 10 to 20 (Flatt, 19815 Jensen of af,, 1994a). Net forcing
akso varies with paricle size but less than is two spectral
components. For thin cirmos, smaller parncles (but > 3-pm
radius) tend to cause sironger heating by incressing clowd albedo
lzms strongly than emissivity (Fo and Laow, 1993),

363, Radigiive Propertics of Contrail Clonds

Contrails are radiatively important only if formed in dce-
supersaturatcd air, where they may persist and spread o several-
kilometer lateral widihs and a few hundsed metess vertical depih
iDetwiler and Pratt, 1984; Tiger ef al,, 1998} {sec also Section
344) In contrast, shorter lived contrails have much smaller
spatial and temiporal scales, hence contribute much less o the
radiation budget (Ponater er al.. 1996} The impact of contrails
on mransmission of radiation depends on thelr optical depth. In
the solar range (near a wavelzngth of 0,35 pmj, the oprical depth
of ohserved persistent contrails varies fypically between 0.1 and
05 (Kismer o @, 1993 Sassen, 1997, Jhper & afl, 1998
Minnis of al., 1998a). Oocasionally, very thick contrails (on the
order of T m) with oplical depths greater than 1.0 are foand at
higher termperatares (up o -3FC) (Schumann and Wendling,
[0, Gavet v af, [996). The optical depth in the 10-pm range
is about half that near 055 gm (Duda and Spmhime, 1996),
Farticles in voung persistent comtrails are typically smalker
(mean dizmeter 10 to 30 gm) than in other cimas clood types
(greater than 30 pm) (Brogniez ef af., 1995, Gayet of al, 1996)
but grow as the contrail ages and moay approach the size of
namral cirrus particles within a dme scale on the order of 1 h
(soe Section 3.4) (Minnis ef al., [998a), The number density of
ice crystals inocontrails fon the order of 10 10 200 ¢ ) s much
larger than in cieas cloads (Sassen, 1997, Scleider o ol
1998}, Reponed ['WC values in aged contrls vary between 0,7
and 18 mg m- {Gayet ef al.. 19%; Scheixler er al., 1998h),
consistent with resulis from mumerical sdies (Gilerens, 1996),
As for cimus clouds (Heyvmsfield, 1993, Hevmsfeld o al.,
1998h), the IWC of contrails is expected 10 depend on ambient
temperare (Meerkdter f al, 1999 because the amount of
water mass available between ligquid and wee sanembon (for
temperatres < -12°00 mcreases with temperatore (Lodlam,
19800, Henoe, contrails mery be optically thicker at lower altitndes
and higher temperatures. Contradl particles have been found o
contain soot {see Section 32.3). Soot in ar on ice particles may
imcrease absorption of solar radiation by the e particles, bence
reduce the albedo of the contrails. The imporiance of soot
depends on the type of intermal or external mixing and the volume
fraction of soot enciosunes. Because soot partcles are typically
lesss than | pm in dismetes, their impact on the optical properties
of kee partsckes in aged contrails is likely o be small. Contrail
particles often deviate from a sphencal shape (e Section 3.4.4),
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The magnitude and possibly even the sign of the mean net
rfiative forcing of contrails depends on the divmal cyele of
contrail cover, For the same contril cover, the nst mchstive
forcimg is lanper st might, Satefhte data reveal o daymght comdral
cover ratio of about 2 to 3 (Bakan ef of . 1994; Mannstemn,
1557 ), Avantion fuel consomphon inventories sugjrest a longitde-
dependent noon/midnight comtral cover mbio of 2.8 a8 a global
mean value [Schmill and Branner, 19973,

364, Radiative Forcing of Line-Shaped Contrail Cirrus

Model studies mdicate the importance of contrls in changing
the Earth®s radintion budget. One-dimensional {1-1¥) models
represent contrails as plane-parallel clouds in a homogensously
layered stmosphere and use arca-weighted sums for Frsctional
contrail cover (Fortuin e g, 1995, Strouss of al,, 1997,
Meerkiitter ef al., 1959), As a consequence, contrail forcing
grows hnearly with contradl cover in these models,
Inbomogeneiry effects may be large in patural cirus (Kinpe
e al, 1997) and small for vercally thin contrail clouds
(Schulz, 1998) bul may be important [or thick and narmow
contrails, Computations of radmtive forcing by contrails

I

have been done for fixed atmospheric temperatures in the
North Atlantic flight commidor {Fortuin er al., 1995).
Mormalized to 10K contmil cover (a2 provided by 1-D
maxdels), these computations tound a net forcing in the ronge
af 30 to +60 W m7 in summer and 10 to 60 W m? in winter,
The negative forcing values apply to cloods that are muoch
thicker than typical contrails. A rodiative convective model
used to simulate the climotic conditions of o mid-European
region (Strouss er al., 1997 found a rodiative flux change of
almost 30 W m2 at the tropopause for 100% contrail cover
with [0.55-pm optical depth of 023, and a surface temperaturs
increase on the order of 0035 K for & 0.5% increase in current
contrail cloud cover, With a 2-D radiative convective model,
a1 K incrense was found in surface tempersture over most
of the Northern Hemisphere for an additional cimras cover of
5% (Liouw er al.,, 1990}, The potential effects of contrails on
global climnte were simulated with a GCM that introduced
additional cirrus cover with the same optical properties as
natural cirrus in i traffic regions with large fuel consumption
(Pomiter ef al., 1996), The induced emperatune change was
more thun 1 K at the Earth’s surface in Northemn mid-latitudes
for 5% additionn] cirmus cloud cover in the main traffic

Tegions,

Table 3-8: Insranianecus TOA radiarive flux changes averaged over a day for shorpvave (SW), longwave [LW), and rmer (= W
+ LW radiarion for IG5 conmrall cover in various reglons and seazons, with prescribed surfoce albedo, contrall lee warer
content (TWC, and compated opitical depth © of conirall ar 055 e, Results are for spherical particles (imodel M, epper values)

aned hexagens (four-sream version of model FL, lower values) ?

Surface IWC W LW Met

Region Albedo  (mg m¥) 1 (Wi 2) (Wi ) (Wi}
Mid-latimde summer continent, 43%MN 02 21 0.52 =134 .';'l;.ﬁ- g2
: 2210 51.5 20.5
Mid-latimde winter continent, 45°M 02 1.2 [RE = 3 igd4 14.2
- & 1IR3 13,3
Mid-latitude winter continent with anow, 43N 0.7 T2 1 -2 184 1&,1
20 8.3 15.3
Morth Atlantic summer ocean, 357N 00s 21 052 215 233 318
-33.7 0.0 15.2
Tropical ecean {Equator, June) D05 23 057 160 &30 470
259 574 als
Subasctic summer ocean, §2°N 005 28.2 {570 AR 557 2459
4453 49,1 1.7
Subarctic winter occan e, 62°M 0.7 T2 (.18 <ih.fa 146 14.00
.7 132 12.5

"The conirnd] (s embedded = o bomogeneos: chrus cloud of 200 m vertcal depth with o sop &t 1E-km altivide (9 km in the subsrcticl; wmpemtane-dependiom
W o lEsted; sperical ice panicles with measured sie cpectnem (Somass & ol 59T} (edume-sean pestcle dmeter ol 16 pm); on othervse clear
mimespher: wich conginesl or mariime aerosal (WMIC, 19856) of 123 o DOF tal 153-pm optical depth; o Larsbectian sucfaoe with 4 spectrally oomsiast
SW nlbedo e listed; and o W emesslvicy of 1. Refersace mmospheres ore preseribed seconding to MeChichey of @, {1971). Results are normaliced for

LM% comtrail cower, See Mesrkiitier o af. ¢ 199 for further derails
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Tabie 3-7: Sensitivity of daily mean of iestantaneous nef forcing ar top of the armosphere by contrails fo & range of valies for
various paramererss for 109 contrail cover. The first fwo rows cortain residis from models FL, M. ard N; the others are from
el N,

Optical Depth Net Forcing
Case T at L55 ym (YWm=)
Refercnce (models FL, M, and N) 0.52 37.1-372
Different aspherical particles (models FL, M, and N} 04 11-346
Parameters Range
Solar zenith angle alr=21" 052 3740
lee water contenl (TWC) T.2-42 mg m-3 02-110 19-51
Particle dinmeter 1030 prem 0.85-0.21 41-20
Surface temperature 2R0-200 K 0.52 35-39
Cloud cover/optical depth of underlying cloads (=1 ¢ (-23 0.52 3740
Surface albedo 0.05-0.3 052 3140
Relative humidiey reference — B0% 052 ir-3l
Contrail vertical depth (for fixed jce water path) 200 m ~ 1 km .52 37.1-367
Lower contrail top (For fized TWC) 11=10 km 052 aT-11
Lower contrail top {for temperature-dependent TWC) 11=10 km 0.52-1.32 37-45

s Details in Mmeckidter o af. (1999, Refereace cose for mid-lativatde sumenee (McClmehey er afl., 1972) as im Table 3-6; spherical panicles; salar zenith angle
of 60°; diurnal sunshime fraction of 50%; IWC of 21 mg mY; vobame mean ptiche dlameter of 32 pey surface temperature of 2604 K oo lowlevel clouds.
relecive bumidity of eference profile (MeClatchey & al., 1972) varying from 77% mt the surface to 11% at 12-km aluds; comerail depdn 2060 m2 and contrail

to o 11-ken altiade

Meerkditer e al. (1998) applied three established radiation
transfer models 1o compute the static rdiative forcing doe to a
prescribed additonal cloud cover by comtrails, These models,
which assuime plane parallel chowed cover, are the twe- and four-
sirem mpdels of Fu and Lioo (1993 (FL): the matrix opesator
method of Plags eral, (1973, olso used by Strauss f al. (1997)
(M) and the four-stream model of Makajima and Tanako
{1986, 1988) (N). The FL and M models have participated in
midel comparison exercises (Ellingson and Fougquart, 19490).
Tehle 3-6 on the previous page shows (he resulis of a parameter
study that was caried out for various regions and seasons
using models M and FL for spherical and hexagonal particles.
The contrails cause a net forcing that is pesitive in all cases
pfter summing over negative SW oand positive LW flux
changes. The magnitude of W forcing is larger over dark
pcean than over bright snow sorfaces and larger for hexagonal
ice particles than for spheres. LW forcing is larger in the tropécs
than in polar regions. Despite the small ocean albedo, net forcing
is largest in the tropics because it has the warmest lower
atmasphers. These results sre consistent with the expectation
that pet forcing is smallest over cool and dork surfaces. MNet
forcing over the mid-latitude continent is larger in summer than
in winter, Hexagonal particles canse o larger albedo than spherical
ones, therefore less pet forcing. These results show that contrail
heating generally prevails over cooling in the atmosphers-
surface system, However, this finding does not preclude situations
i which conirails cause a net cooling—for example, very cobd
surface, high atmospberic humsdity, bow surface albedo, very
smindl pirticles (< 10 pm; the lmit depends on the ics water path
in the cloud), or large optical contrail depth (= 10).

TOA radistive Torcing depends mainly on the cover and on
parnmeters that determine the solor optical depth of contrails
and 1o @ minor degree on ofher parumeters. Foscing is very
wenkly sensitive to the methods used for radiative transfer
calculations, This sensitivity can be seen from Table 3-7, which
lists the results of a parameter sensitivity study with models
FL, M, and M (Meerkisiter f al., 1959, Except for the first two
rows of Tuble 3-7, results are from model N only because the
results of the three models agree with ench other 1o within 3%.
The lurgest mexdel diffesences are found for aspherical pamicles,
which are represented by different shapes in various spectral
regions in the models, but all models show smaller net forcing
for asphierical particles than for spherical ones, as expected
iKinne and Liou, 1989). The results also depend rather strongly
on solar zenith angle, ice wailer condent, particle dianeter,
surfoce albedo, and relative humidity. Low=level clowds with
lnrge cover and optical depth reduce SW and LW forcing of the
clond-free case below a contrail, causing a small pet increase
of forcing. Variations in surface temperature (here + 5 K) cause
smull LW fux changes. Lowering the altinsde of & conirail for
fixed IWC reduces the LW effect slightly. Lowering the altitude
of the contrail and using the TWC that is expected for the higher
ternperature al lower levels makes the lower contrail optically
thicker and radiatively more effective than the higher contrail,
Hence, TOA radiative forcing by contruils grows with increasing
surface temperature, surface albedo, and IWC. For the same
I'WC, contrails with small ice particles are more effective in
radiative forcing than contrails with larger particles.
Representative forcing values are approximately 25 w 40 W mr?
for 100% contrail cover and 0.55-pm optical depth of 0.5.
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Radiative forcing by contrails depends strongly on the optical
depth of the contrails and is different at the surfsce than at the
TOA. Figure 3-20 shows computed 5W, LW, and net change in
radiative fluxes at the TOA Gactuadly 50 km} and at the surface
for 100% coatmil cloud cover for the mid-latimde summer
continenta] reference case with spherical ice particles. The ice
winter content was varied o yieki different values of the 0.55-4m
optical depth 1. The trends are consistent with those found in
cirrus stadies (Fu and Liou, 19935, At the TOA, LW forcing is
Larger than SW forcing, giving o net heating of the atmosphere
that i= maximum near © = 3, The flux increases slightly less
than lineardy with optical depth for small values of T The net
forcing changes sign and becomes pegative for 1> 10 (not
showny, but comtrls are probably never that optically thick.
This analysis indicates that contrails heat the atmosphere
below them,

In all cases, TOA and g of the wroposphere radiative fux
changes rom contraals differ by only about 10%; therefore,
the imstantaneous or stale fux change gives a reasonable
approsimation for the adjusted rdiative forcing as considered
in IPCC (1996a]),

Al the Earths surface, LW flux changes ore much smaller
because waler vapor closes much of the infrared radiation
winchow in the bower atmosphere. In contrast, 5W ffux changes
are anly @ hinle smaller than at TOA. Hence, the daytime SW
contmbution dominates and cools the surface in the daily mean.

Iax

A reduction of solar radiation by 40 W a2 bas been messured
locally in the shaodow of contmails, although the simulanecus
change in infrared flux in the shadow of contrails was very
smeall {Sassen, 1997) Hence, the Eadh's surface is locally
cooled in the shadow of comimuls. This anolysis does not
exclhode warming of the entire atmosphere-surface svstem driven
by the net flux change at TOAL As ndhntion-convection models
show, for example, vertical heat exchange in the atmosphers
Ly canse a warming of the surface even when it receives less
energy by radiation (Strauss ef al, 1997} Cooling of the
atmosphere below contrails is also suggested by mensirements
of welar and infrared upward and downward fTuxes above and
bebow a few pemsistent comtmails {Kuhn, 1990), These measurements
show a strong (10-20%) reduction of net downward radiation
just below approximately S00-m-thick contrails with lirtle
change in LW fluxes. Further investigation is required o
demonstrate how these results depend on the geometry and age
of contrails,

Contrail cirrus induce o heat source by the change in divergence
of solar and infrared radistion fluxes mainly within but alse
below the contrail in the wpper troposphere (Liou e al,, 1990;
Strauss e al,, 1997 Meerkiiter et al., 1999), In the stunosphere
below a contruil, the change in heat source 15 oo the onder of
0.3 K/day for 100% cover, When the contradl s located above
a thick lower level clowd, the mmuosphere is beated only above
the lower closd: the heat source s essentlally zero below the
lower cloud.
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Figure 3-: Shortwave (5W), longwave (LW), and net instantaneous mdiative flua change fromn contrails with 1004 cover
under mid-latitade summer conditions averaged over a day as a function of optical depth (055 pm): Mear the top of the atmos-
phere {50 km) and surface (0 km) (from Meerkitter er af,, 1999},
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In the diormal eycle, radiative forcing by contrails is positive
anid strongest during the night becanse of the absence of negative
SW forcing (see Table 3-6), For small optical depth, neet forcing
at TOA is also positive during the day, hence always positive
regardiess of the dinmal cycle of contrail cover. Negative SW
forcing is maximum nod at soon bat during morming or aftensoon
honrs, when the solar zenith angle is near 707, Other than at
TOA, the net flux chamge is negative at the surface even for
thim contrails during the day, in pamicuolar at intermediate zeaith
angles. The maximom day-night difference in pet radistive
forcing ot the surfoce for cloudless summer mid-latitude
conditions is about 20 W mr? for constant 1009 contrail coves
with optical depth of 1 and constant surfoce temperature, and
slightly less when accounting for the daily temperatare cyele.

The global distribution of radiative forcing from contrails can be
cstimated using a radiation ransfer model, the expecied contrail
cover, and a realistic representation of the clowdy atmosphers
and surface (Minnis er al., 1994%). Global contrail cover for 1992,
for example, is shown in Figure 3-16 (see Section 34.3). Ghobal
mean valoes for TOA mdiative flux are summarized in Toble 3-8,
along with details of the calculations. As expected, 5W forcing
is negutive ind LW and net forcings are positive. All three valoes
icrease less than linearly with solar optical depth €. The resulting
1992 global distribution of TOA net forcing for Tof 0.3 is shown
i Figure 3-21. Forcing is largest in regions of heavy air traffic,
with maximum valses over northeast France (071 W m2) and
ner Mew Yok (158 W m), Althoogh the contrail amount is
higher over the northeast United States of America, net contrail
forcing over Europe i= greater because of the greater LW forcing
term. The global mean met forcing for T between 03 and 0.5 is
about 002 W med; the zonal mean vakee 35 larpest near 405N,
wiath a valee five times larger than the global mean.

Computed resulis for global rudiative forcing by contrails depend
om assumied values for controil cover and menn optical depdh of
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contrails, MNelther s well known, Here, the computed glhabal
contrail cover was mormalized o yield 0.5% observed cover by
line-shaped contrails over Europe, guided by satelliie data,
Because satellice dais mainly reveal thicker contrails, a larger
cover resulting from the presence of optically thin contrail cirrus
might not be accurately detected. Therefore, the resulis for larger
T values (0.3 1 0.5) are considered in combinatsom with the given
contrail cover (0.1% globally) as being most representative Tor
real forcing conditions, Hence, in the dismal and annual mean, o
global (0,1% meresse in thin contrail cload cover enuses o nel
heating of the Earth-armasphere system of approximately 002 W
2, The difference berween the largest and smalless pet foremng
values in Table 3-8 sugoesis an error bound on the ander of (.01
W omr?, Based on Section 3.5, the actual global eover may (wath
273 peohabiliny) be 2 1o 3 tmes smaller or larger tean the derved
livse-shaped contrail cover, The optical depth value s likely
ko to & factor of 2 10 3, Thios, for sssoneed Gaossian beluvios
of individual wiscerainbes, the radiative forcing value omy differ
from the bess estimate by a factor of about 3 o 4,

Based on computations using estimates of line-shaped contrail
occarrence for the 1992 fuel soenasio (L1 % cover), the best estimae
af global-mean radiative forcing is positive, bas a valoe of about
002 W mr? with an uncertainty factor of 3 to 4, and may range
froem {005 20 006 W m- for present climate conditoms. Certanly,
the state of our understanding is only foir. Puture investizations
may result in considerable changes to the best estimates

Global radiative forcing by contrails obviously & much smaller
than that arributed 1o other antwopogenic changes in the past
centary — 1.5 W errl, which represents about the median of the
range of values given in IPCC (1996) but comparable 1o the
foecing by past OO, emissions by sircrafl (Brasseur er o, 1995;
see Chapter 6}. A mean radiative forcing of 002 W mr? induces
a vertically averaged beat source in the roposphere equivalent o
epproximately 0.0002 K dayl. The atmosphers rescts o this

Table 3-8: Shornvave (SW), longwave (LW, and net radiative Tux changes {Wm2) ar top of ammesphere in global mean as
caiered by contrails in 1992 and 2050 scenarte Fal (see Section 3.7.2 and Chaprer %), for contrail cover as shown in Figire
3-16 and for solar oprica! depehis of 0.0, 03, ard 0.5 for contraily {Minnis et al., (999}, The lasr line gives the resulis for
Fermperaiire -dependent ice water covtent (TWC ) with variable optical deprh.#

1992 2050 (Scemario Fal)
Optical Depth at 0.55 pm SW LW Meet W LW Met
(1 LR ] 0L (H00s] 008 LU 045
03 -000E] (02446 016s <A 0.148 [
0.5 124 00327 00303 0075 0.197 {.132
Yariable { from temperature-dgependent TWC) BT LAE": 0135 [1KrT 0,024 0084 0.060

*Clond amouiit, chad destribation, and cloud optical depik are (986 1500F 3-h daa interpodaied w1 b, for £ monhs Qiavaary, Agil, Jane, Desober), with mean
clood cover of 83% of the Earth surface. Toe particles are modeled 25 bexigons with menn dlemeters of 20 pm. Wiisr chuds corsis of droplets wigh &0-rm
mezn diemerer. Surfioe skin temperatere ind surface afhedo ane tken from 15T and Stsybor and Wilber {1991, Winner arsd atssand temperatune and
moasrnre prodibes ane assumed for pressures < 30 hPo, and mumssical weather snnlyals monthly mean profiles of Matos) Meteansogical Cemer (WMO: now
Mational Cenier for Envinommental Probection, MCDM ere used for pressures = %0 WPy, Continensd snd ssrine seosols were s includal in ihe modl
Ciontraals ore sswignad at o pressure of 200 hP ond sssnemed b0 be 29m thick it ssphemnen) i particies of 24-pm veleme mean dismeter. TWC in comtrils
wan mddjusied 10 resah i an optical depth of 0.1, 0.3, or 0.5, A case wigh IWC set o Ball the amount of water availabile Tor ice formation from vapor al 100%
Pumidiey melnzive fo liowd ssbirabon (lempemature-dependent TOC) b s consicered (varialsde optics] depth), Mot TOA Torcing i commpered with model FL as
differencs of nesults wiih eed wibon conirasls.
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Figure 3-21: Global disiribution of net instantaneous mdiative forcing at the top of atmosphere in daily and annial avemge for present
(1992} climatic conditions and analyzed contrail cover (see Figure 3-16) and D.55-pm optical depch of 0.3 (Minnis er af., 1999),

heat source in n complex manner {Fomer er al,, 1996) and My
take decades 1o reach a steady-stsle temperature response. In
steady state, the mean surface temperature may increass by
about 001 w 0,02 K globally if climate sensitivity feem contrail
forcing is comparable 1o that of well-mixed gresnhouse Eises
(PCC, 1996, see Chapter 6.2.1). In comparison o the global
mean vidue, anmually averaged zonal mean values are larger by
il factor of about 5, and regional values ore larper by o factor of
up to 40 (see Figure 3-21). The patiern of the climate response
differs from the pattern of radiative forcing, in particular at small
regional iwcales. Zonal mean steady-state temperature changes of
betwean (0 and 0.1 K appear o be possible for present comirail
cover when previous studies as sealed to the cover and radintive
forcing found here (Liou er of., 1990; Ponater er al., 1996;
Strauss et al., 1997). Regional contrail forcing may have shori-
term consequences fior the daily tempernture range in such a
region if contrail forcing persists for at least a day. These
temperature changes appear to be too small to be detectable in
comparison to atmospheric lemperature variations,

.65, Radiative Impact of Additional or Changed Cirrus

aind Chker Indirect Effects

Besides forcing by line-shaped contrail cirrus, the global
radiation balance may also be perturbed if there is a significan

indirect effect of aircraft-induced acrosol, water vapor, and
confrails on the coverage and properties (particle size distribution,
number density, and composition) of “natural” cirres clouds. In
addition, there might be other indirect cload-related effects,
such as changes in humidity and precipitation. The principal
effects might be similar to these caused by voleanic aerosol
mixed down into the troposphere (see Section 3.4.5).

Radiative forcing will be enhanced by any increase in the cover
of thin cirrus caused by aircraft beyond that of line-shaped
contrail cirrus. IF the additional global cirrus cover is as large
w5 02% (the estimated upper bound for 1992; see Section
335.1.5), and if the optical properties of this additienal cirms
are the same as for line-shaped persistent contrails (optical
depth of about 0.3. a8 also found often for namral cirms: see
Section 3.4.1), then the radiative forcing from the additional
cirrus muy be s large as (.04 W m2—which is twice the valuz
for line-shaped contrail cirms

Alreralt emissions may also change the properties of natural
cirmus clouds (see Section 3.4.5), In a high-traffic FEEIC, CITiLS
wits found o be affected by soot emissions from arrerafl, cousing
an approximate doubling of the ice particle concentration
{striim and Ohlsson, 1998), Smaller particles cause larger optical
depth for constant fce water content. Radiative forcing is
strongly sensitive to particle size (see Table 3-71, As Figure 320
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Table 3-9: Uiobal radiative forcing by contrails and indirect cloud effecis in 1992 and 2050 [ scenario Fal |, No enery indicates

insufficient information for best-estimare valie,

Best Estimite Uncertainty Range Siatns of
Radiative Forcing or Range with 2/3 Probability Understanding
looa
Line-shaped contrail cirrus 002 Win-2 LS00 W2 Fuir
Additional aviation-induced cirmus clouds D00 W2 - YETY pOot
Other indirect cloud effects - gither sign, unknown magnitdles VEry poor
2050
Line-shaped comirml cirmus 010 Wm-? 00304 Wm? fair
Additional aviation-induced cirms clouds 00,16 W2 - very poor
Other indirect cloud effects — either sign, unknown range very poor

indicates. an increase in optical depth causes additional heating
if the cirmus cload was optically thin but cooling if i1 was
optically thick (Wyser and Strém. 1998). One recent study
suggests that the incdirect heating effect of aviation-indiced
changes in cirrus ice particle number density for fixed cloud
cover may be poditive and comparable to or even larger than
that from increzses in cloud cover (Meerkbtter er al., 1999),
While the impact of particle chunges on mdiative forcing by
cirrus clouds may be studsed parametrically, our understanding
is very poor with respect to other indirect effects. Although
comprehensive investigations are missing. there is no evidence
thet any of the indirect effects are important. Table 3.9
summarizes the assessment of global mdiative forcing by
aviation-induced cloudiness for 1992, The resules for 2080 e
explained in Section 3,7

37. Parameters of Fulure Changes in

Aircraft-Prodoced Aerosol and Cloodiness

The future effects of srcrafl depend on trends in climate and
wir traffic amount and changes n the technical propecies of
mrcraft. Our carrent understanding of the formation of aviation-
induced aerosol and cloudiness can be used 1o estimate how
futere changes may affect the impacts of aviation and o
identify mitigation options that would be effective in reducing
these tmpacts.

370 Changes in Climate Parameters

If climate change occurs in the fulere, stmospheric parametsrs
reluted to asrosols and contrails will also have changed, OF
particular importance to aviation-induced serosol and closdiness
dre chunges in temperature and hamidity in the upper troposphere
and lower stratosphere; changes in the height, temperature, and
Aumidity of the tropopause region; changss in the shundance
of particles; and changes in cloudiness, Tahle 3-10 summasizes
0% changes in these parameters may be reflected in aviation-
related impags,

Generul circulation models of the atmosphere predict that
the climate of 2050 will reflect global warming from the
sccumulation of greenhowse gases, In this new climate, models
predict increases in the amounts of cirrus clouds, the height of
the tropopause, and upper tropospheric temperature (IPCC,
1996; Timbal er al., 1997). A higher tropopause would caunse
miore comdrails, af least at high atiudes, Observed (emperature
changes (c.g., Parker er al,, 1997) do pot reveal the expected
lemperature increase in the upper oposphere, Some models
predict a higher tropopanse if the surface lemperature increases
(aboat 200-m akitude increase for | K surface temperature
increase) (Thubum and Craig, 1997, Increasss on the order of
100 m were analyzed in polar regions and at mid-latitodes
{Hoinka, 1998; Steinbrecht e af,, 1998), Such changes may be
forced by cooling of the lower siriosphere as a result of
changes in ozone concentration {Hansen ef af., 1997) and
inerenses in moisiure 25 3 resuli of inereasing methane
concentrations, Stratospheric temperatures between 50 and
WK hPa have decreased by about 1 to 2 K since 1980
(Ramaswanmy er al., 1996; Halpert and Bell, 1997), An increase
i water vapor concentration has been observed in the lower
stratosphere, with the largest reod (0L.8%vr) in the 18- to 20-km
region (Oltmans and Hofmann, 1995). Because few contrails
currently form in the lower strafosphers, small changes in
stratospheric conditions will not create significant changes in
controil abundance. Acrosol loading in the troposphere and
lower stratosphere may increase because of changed climate
comdittons and increased surface emissions, Surfuce emissions
from fossil fuel burming were projected o grow by a factor of
1.5 to0 2.1 from 1990 to 2040 (Wolf and Hidy, 1997).

372,  Changes in Subsonic Alreraft

By the yenr 2050, the number of aircraft (lying in the upper
tropsidphere is expected to have increased significantly (see
Chapier 9). In scenario Fal, glohal snoual aviation fuel
eonsumption in 2050 will have increased by & factor of 3.2
compared with 1992, with a larger increese (factor of 4.3)
above 500 hPa. Scenarios Fel, Fel, and Enh (see Chapier @)
pssume increases by factors of 1.8, §, and 14, respectively, in
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Fable 3-10: Parameters affecting futire changer in aircraff-prodisced gerosols and closdiness and their impacts on conrratly
and aerosel alundance. Symboly indicare yign of change in the paramerer and i the impact, Question marks indicare wncertainty
i sign or miporiance of an epact, The svmbaol x indicates lack of a nown or imporiant impact,

Crlirbal Contrail Celohal Contrail
Slgn of and Induced- Radiative Aerosol
Parameter Change Cirrus Coverage Farcing Abundance
Upper troposphere temperniune +7 = - X
Lower stretosphere icmperaione - x X *
Humidity of lower straiosphere + x | +
Humidity of upper troposphene <7 & ¥ i
Tropopause oltitude + & + X
Mumber of nircrft + - 4§ "
Cilohal wyvintion fuel consumption = ' + +
Owverall efficiency of propulsion + ¥ 1 x
Cruise altifude ot mid-latitudes - . 5 +
Cruise pltitude in the tropics + i + %
Traffic in fropical regions + # i x
Soad emssions -1 . 9 x
Fuel sulfur content -1 =5 - =
Fuels with kigher hvdrogen content +7 + 7 =

totul fuel consumption compared o 1992, The frequency of
contrail formation is expected o increase with mific because
large regions of the atmosphere are humid and cold enough to
allow persistent contrails to form and because such regions are
ned ut present fully covered with optically thick cirmus or
contrail clouds (see Sections 3.4.1 and 3.4.3), The number of
wircraft may grow slightly less rapidly than fuel consumption
when smaller pircraft are replaced by larger ones, This factor is
important because the amount of persistent contrail cover may
depend mainly on the nomber of areraft tnggering contrails
and less on fuel consumption.

As aircraft engines become more fuel fficient, contrails will
form more frequently at lower flight levels because exhaust
plumes of more efficient engines are cooler for the some witer
content (see Section 32.4.1). The overall efficiency #)
(Cumpsty, 1997] with which engines convert fuel combustion
heat into propulsion of cruising subsomic wireraft was close to
(.22 in the 1950s, ncar 037 for modem engines in the carly
19905, and may reach 0.5 for new engines to be built by 2010
(see Figure 3-22). An increase of i) from 0.3 to 0.5 in a standard
ptmosphere increases the threshold formation lemperature of
contrails by about 2.3 K (equivalent o T-m lower altitude)
(Schumann, 1996a).

The change in persistent contrail coverage because of changed
traffic has been determined using thermodynamic anolvsis of
meteorological data from 1983 1o 1992 and fuel consumption
datn (Soosen er al.. 1998) (see Section 3.4). This method has
been used to estimate future changes in contrall cover resulting
from changes in air traffic, assuming o fixed climate, fuel
consumpiion sceparics, and expecied engine performance
5pur:iﬁ-::ulinrﬁ. {Gicrens e af., 1.'99“5]. The -:.'|.1rr:|;||.|b:d comtrml
cover (Figure 3-13) for the 2050 Fal fuel scenuno using present

analysis data and v of 0.5 shows o global and annoal mean
contrail cover of 0.47%, with values of 0.26% and 0.75% for
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Figure 3-22; Trend in overall efficiency of propulsion
isolid circles), computed from aircraft specific fuel
consuntption (SFC) data (open circles; data as in Figure 7-9),
according to n = Vi@ SFCT!, with V as the aircraft speed
(2400 m 8-' } and O as the specific heat of combustion of
avimson fuels (43 M) kg-V). Solid circles also denote the critical
altitude z (right axis) sbove which contrails foem (for 100%
relative humidity in the mid-lntitude standard atmosphere) for
the years 1560 to 2010, SFC data were taken from a figure
Subsonic Engine-Specific Fuel Consumption at Cruise Versus
Certification Date originating from a NASA report and
presented by H.G, Aylesworth at the Working Group Meeting
CAEP-4, WG} Emissions, International Civil Aviation
Organization, 20-23 May 1997, Savannah, GA, USA.
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scenarios Fel and Pel, Values may be as high as 1 1w 2% for
scenario Eah, which does not specify the spatial distribution of
future traflic and in which contrail cover may become limited
by the amount of cloud-free ice-supersaturated air masses. In
companison, values are (087% for the 1992 DLR fuel inventory
with 1 of 0.3 and 038% for the 2050 scenario with 1 of 0.3,
Hence, contrail cover s expected 0 inerease by a lactor of
phout 5 over presemt cover for a 3.2-fold increase i annual
avintion fuel consumption from 1992 w0 2050, even under
constant climare conditions, Increased efficiency of propulsion
by future engines chuses about 20% of the computed increass
in contrail cover. In the year 2080, the maximum contral
coverage is expected 1o occur over Errope (4.6%, 4 times more
than 1992), the United States of Amerca (3.7%, 2.6 times
more), ol southeast Asia (1.2%, 10 tmes more), Contrail-
induced increases in comus cloud cover may depend also on
wind shear, vertical motions, and existing cirmas cover, which
this thermodynamic analysis does not toke into account, In
widition, changes in climate conditions may influence future
contrml formation conditions,

Rodintive forcing from contrails wes calculnted for 2050 using
the Fal fuel scenurio and the same method as described in
Section 363 (Minmis o al., 1999), For the contrail cover
shown in Figure 3-23, values of 5W, LW, and net forcing were
found 1o be about & tmes larger than in 1992 (see Table 3-B).
The increase in racdiative forcing from 1992 1o 2050 15 larger
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than the increase v contral cover (factor of 5) during the same
period because additional contrails in the subtropics and over
Asia over relatively wanm amd cloed-free surfaces are more
effective in increasing radiative forcing. The global distribution
of radiative forcing caleulated with this procedure is shown in
Figure 3-24 for an assumed optical depth of 0.3, Radiative
forcing grows more strongly globally than in regions of present
peak iraffic. Global mean forcing is 0.0 W om? in this computation,
with maximum values of 30 and 14 W m= (3.3 and 2.4 times
miore than 1992} over nonheast France and the eastern United
Staves of America, respectively,

For an optical depth of 0.3, the best-estimite valiee of the global
raciative forcing in 2050 (scenaro Fal) is 0000 W om-Z, The
uncertainty range is a little larger than in 1992, and estimated
o amount 1 o factor of 4, Hence, the likely range of forcing
extemds from 0.03 1004 W m? (see Table 3-9), The forcing for
other scenarios hes not been computed m detail, but rough
estimates geple with the fuel consumption, The climatic
consequences of this forcing are discussed in Chapter 6,

An estimate of the range of aviotbon-induced cirmus cloudiness
in 2050, a5 required for this pssessment, is not availoble in the
seientific liternture, For 1992, a mnge for the best estimmte of
the additional aviation-indeced cirmus clouds was derived from
decadal trends in high fuel-use regions (0-0.2% global cover;
Section 3.5,1.5), For the 2050 time period, a different approach
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Figure 3-23; Persistent contrail coverage (in % area cover) hased on meteorobogical analysis data and on fuel emission datwbase
for 2050 (Fal fuel consumption scenario for 2050, assuming linear dependence on fuel consumption wnd overall efficiency of
propalsion 1) of 0.5; global mean cover is 0.5%. Compare with Figure 3-16 (from Gierens er al., 1998),
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0,55-um optical depth of 0.3 For 1992, as in Figure 3-21; and for the 2050 scenario with contrail cover as shown in Figure 3-13
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is required, Observed contrail frequencies and wrends in cirmus
occurrence have been found to correlae with avintion fuel
consumption (see Figures 3-14 and 3-18), Therefore, the aviation-
induced crrrus cloudiness between 1992 and 2050 is projected
to grow in proportion 1o the total aviation fuel consumption in
the upper troposphere, This fuel cansumgtion grows by a factor
of 4 between 1992 and 2050 in scenario Fal. Hence, the best-
estimale of additional global cirms cover in 2050 would minge
from (1 10 0L.8%, For the same radiative sensitivity as in 1992,
the associuted radiative forcing could be between 0 and 0.16
W m? or up w 1.6 times the valoe given for line-shaped
coilrail cirrus in 2050 {see Table 3-9). The forcing could be
cutside this range if future aviation causes swong changes in
the optical properties of the cimus cloods. Saturation effects
(Sausen er af,, 19990 will likely limit any increase in cirmus
cover in heavy air raffic regions. Because of these uncertaintios
the status of understanding of radiative forcing from additional
aviation-irduced cirmis clouds in 2050 is very poor. The assssment
of the other indirect effects (Section 3.6.5) is beyvond the scope
of present understanding,

Modem subsomic aireraft cruise most efficiently at light alttudes
of 9 t3 13 ki, Trends m arcraft cruise altitudes are discussed
in Chapaer 7. If mean flight levels of global air raffic were 1o
increase. the fraquency of persistent contrails in the troposphere
at mid-latimdes would be reduced and the frequency in the
upper tropodphere in the fropics would be increased. In addition,
the formation of polar strtospheric clouds in the lower polar
stratosphere (Peter of al., 1991) may be enhanced a5 a nesult of
increased emissions in the stratosphere. At mid-latinsdes, 3 1-km
flight-level increase causes a modernie reduction of contrail
cover becanse of increased flights in the dry stratosphere (e.g.,
12% less comtrail cover over the North Atlantic compared with
the nominal-altitude cover), Despite these changes, the global
change in comrail cover from an altitnde increase 15 small
because of compensating changes in the tropics. The sronger
increase of conrail cover in the tropics may cause & dronger
pasitive radiative farcing because of the warmer surface in the
tropics compared with mid-latitudes (see Teble 3-7). A reduction
in flight levels penerally has the opposite effect {more contruils
it high latitudes and fewer contrails in the tropics). Results for
Evrope and parts of the United Siates of America are different
in that compuied contrail coverage decreases slightly for both
an increase and & decreuase in mean flight levels because pir
traffic currently oecurs in the cold and humid upper iroposphere
n those regions. and a shift toward the drier stratosphere or the
warmer mid-tropasphere reduces contrail coverage (Sausen er
al., 1998}, A change in mean altitnde of contrails may change
their radiative impact even for constant areal coverage, A
contrul at higher altitmde in the troposphene will likely contain
bess ice moss and produce less mdiative forcing, therefore,
despite lower ambient temperatures (see Table 3-T).

Trends in soot emissions would be imporizmt if soot influences
ice particle formation (see Section 3.4) or the chemistry of
ozone (see Chapler 2). A sool mass emission index of 0.5 1o
| & kg (and larger) is not uncommon for older aircraft
engines. The soot muss emission index of the present airceaft
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fleet B estimated ps 004 g kgt {see Chapter 7). The sool
cmission index decreased with new engine technology until
about 1980 but has showed no significant wend theseafier
(Dédipelhewer, 19971, The mass of soot emitted may decrease
despite increases in fugl consumption. Mo data exist on rends
for the number and surface area of soot acrosol emissions,

Atmospheric models and fuel consumption scenarios suggest
that aircraft emissions contribute little to the ropospheric mass
of sulfate and sont aerosol in today’s mmosphere and in 2050
{see Section 3.3), However, aimcrafi-induced particles will
increase with growing emission mites of condensable sulfur
compounds and sool particle mass. A reduction in fuel sulfur
content is not to be expected for the near future (see Chapter 7).
The fraction of condensable sulfur compounds formed from
fucl-sulfur depends om the details of the chemistry between the
combusior and the engine exit (Brown er al., 19%9%a; Lukachko
ef al., 1998). The dependence of this fraction on expected
changes in engine technology is not known (see Chapter 7).

Engines burning liquid hydrogen (liquid methane) inseead of
kerescne (Wulff and Hourmouziadis, 1997) emit 2.6 (1.5)
times more water vapor for the same amount of combustion heat.
Therefore, such engines wnigger contruils ot about 1w 2 km
lower altivade (4 1w 10 K higher ambient temperatore) than
comparable kerosene engines. Therefore, an increase in contrail
coverage is expected with such fuels. Because of larger water
emissions, such contraiks will grow to larper diameters before
evaporating in jce-subssturated ambicnt air. On the other hand,
gircraft using hydrogen (methane) fuels will emit mo (lirle)
soof and sulfur compounds, hence may cause contrails that
have fewer and larger wce particles, smaller optical thickness,
and a lesser impact on radistive fluxes (Schumann, |956a)
{compare Table 3.7,

373,  Expected Changes for Supersenic Aircraft

The expected emissions of future high speed civil transports
(HSCTs) flying above 16-km altitude woold substantially add
o aeroao] amounls in the stratosphere, A flect of 500 HSCTs 15
expected to consume about 72 Tg fuel yr! in 2005 (Baughcum
and Hemderson, 1998), This level of consumption will cause
emissions of sulfur and soot of 14.4 and 2.9 Gg yr!, for emission
indices of 0.2 g § kg amd 0042 g soot kg, respectively,
Microphysical calculations by the AER 2- model
(Weisenstein e @, 1997) show that 28 Gg of sulfate will
pecumulate in the global stmosphere, assuming that 10% of
sulfur emissions are converted in the plume to new particles
with a radius of 10 nm. The globally averaged aircraft
produced sulfate column is equal to 54 ng SO, cme2, with a
maximum of 13.6 ng 50, cm near 50°N. This valoe is about
twice that computed for present subsonic aviation (Table 3-4),
The annually and zemally avernged perturbation of sulfae
aerosol SAD as shown in Figure 1-25 iz used for scenario SAS
in Chapter 4 and in calculations in Chapters 5 and 6. The
chemical consequences of these SALY changes are discussed in
detail in Section 433,
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Thougl sepersonic aircraft moy have better engmes elficiency
than subsonic aircraft (.38 for the Concorde), supereonic
aircraft are expected to form few persistent contrails becanse
the probability of ice-supersaturated air at cruise altilades is
small, except in the polor regions and near the topical
ropopause (Miake-Lye eral., 1993). However, the sccumulation
af supersonic aircraft emissions in the polar atmospheres and
[peal HoDy, HNO,, and aeroso] concentralion inereases im aireraft
plumes may enhance the occurrence of polar stratosphenic
clouds. The impact on tropospheric cloud formation of
supersonic aircraft cruising in the strotosphere s very likely
much smaller thun the impact of major soleanic events.

374, Mitigation Options

In the following discussion, options related o aireraft and
gircraft operations are briefly considered for the reduction of
volatile and nonvolatile particle emission and formation and
fior the reduction of contrnil formation asd contrail impact

Wolatile particle growth is controlled munly by oxidized sulfur,
chemi-ions, and water vapor present in aircraft exhanst. With
current engines and fuels, no practical options exist 10 reduce
water vapor emission indices, The oxidation of sulfur depends
on the emission of S0, or the formation of H,50), in the engine
and plume. The emission of S0, depends on the details of the
reactive flow in and beyond the engine combustion chambers
iChapter 7). The processes controlling condensable sulfur
oxides ond chemi-ion production are not yet sufficiently
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Flgure 3-25: Annually and zonally opveraged perurbation of
sulfate serosol surface area density {in pm? cmY) caused by
an HSCT fleet of 500 aircraft flying ut Mach 2.4 sccording
AER 2-Ty mode] (Weisenstein er al., 19975 A sulfur emizsion
index of 1.2 g kg! and & 10% conversion to sulfare particles with
10-nm radins in the plume are assumed in these caleulations,
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unaderstond for a meaningful assessment of mitigation options.
A reduction of sulfur content in fael redeces plume levels of
80, and H50,, but not necessarily by the same foctor (Brown
ef al., 1996a). In sddition, for low foel sulfur content, volotibe
particles may remain that result from the emissions of other
condensable material (Yu er af., 1998; see Section 3.2) and thus
require separate mitigation strabegies.

Options o reduce sool cmissions require changes in the
eombustion process (Chapter 7). Soot may be activated by
H.80, and possibly other exhoust species. If soot activation by
H,50, is 1o be avoided, fuel sulfur contents of less than 10 ppm
would b= requined,

Rimulations sugges: that contrails would form even without
ony sood and sulfor emissions by activetion and freezing of
background particles (Jensen er af., 1998h; Kircher e af,,
1998a). Hence, the formation of contruils cannol be avoided
completely by reducing exhoust acrosol emissions, Comrails
formed in plumes with fewer exhous! particles are lkely o be
composed of fewer and larper particles, have smalker opical
depihs (Schumann, 1996a), hence conse less mdintive forcing,
Reduced soot and sulfate particle emissions miy also lead
the formation of cirms clouds with fewer but larger particles
and less radintive forcing

An increase in engine efficiency moy change the global effects
of contrails. Improvements in engine efficiency measursd as
specific fuel consumption (SFC) per unit thrust or overall
efficiency, 11, would reduce fusl consumption at cruise altiudes
for a given amount of air traffic. Becouse more efficient
eniines incrense the altitude range over which persisient contradls
form (see Section 3.24.1 and 3.7 2), chntrail frequency and
cover would likely increase for a given air iraffic amount, On
the otheer hand, the number of ice crystals forming per atreraft-km
would likely be reduced for lower SFC because aervsol and
merosol precursor emissions woubd be reduced, Fewer ice crystils
could result in less mdiotive impact for a given amount of air
iraffic in altitede regions where contrails form an present,
Hence, the balance of changes in contmil occumence and the
racliative impact that would result from changes in engine
efficiency depend on a varety of factors, not all of which are
well known enough ot present.

Reducing the frequency of contrails for a given amount of ar
raffic could otherwise be effected by reducing the number of
flights in the hamid and cold regions of the upper and maddlz
troposphere. Numerical weather prediction schemes muy be
used to predict and circomvent such regions on long-distance
flights. Contrail-forming regions could also be avoided by
flving at generally higher altitudes, but the climatic impact
of contrails may not be redoced because of counlerachng
effects, For example, higher flight altitudes at low latitisdes
could increase contrails, possibly cousing a net increase
instead of a decrease in global radintive forcing by contrails,
In addition, more flights in the lower strutosphere could
result in enhanced asrosol and chemical impucts ool related
o comntrails.
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